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ABSTRACT 
The rates of detritiation in trifluoroacetic acid have 
been measured for all the ring-hydrogen sites of the 
polymethylbenzenes. Results for toluene and the xylenes 
are in agreement with those reported in the literature, but 
the rate for benzene is slower than that obtained by earlier 
workers. 
The results show a general trend towards increasing 
departures from the Additivity Principle with increasing 
reactivity. The predictions of the Principle are 
consistently too high but deviations are found to be 
inexplicable in terms of SUbstituent-reaction site steric 
interactions. Several modifications of the Principle are 
investigated. 
The N.M.R. spectra of the polymethylbenzenes have been 
examined in carbon tetrachloride and in n-hexane. Solvent 
shifts previously attributed to steric hindrance have been 
shown to correlate much better with the chemical shift. 
For both ring and methyl protons satisfactory prediction of 
chemical shifts by an additive relationship is possible only 
if large second order interactions between adjacent methyl 
substituents are admitted. It appears possible that such 
interactions may affect the behaviour of substituents in the 
detritiation reaction. 
'17 JUl ~004 
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INTRODUCTION 
(A) General 
(i) Scope of the Work 
The work to be described in this thesis provides a 
direct test of the Additivity Principle for multiple 
substitution. Earlier work1 ,2 had shown that product 
distributions for nitration in acetic anhydride could not 
be reconciled with additivity predictions and led to the 
choice of a exchange reaction, proto-detritiation, in the 
hope that steric effects would be small. The methyl group 
was selected as the substituent to be studied because 
relatively simple synthetic routes were available to the 
tritium labelled polymethylbenzenes. Previous tests of the 
Additivity Principle had also utilised the methyl group) 
This kinetic study of the methyl group was supplemented 
by a proton magnetic resonance study of the polymethyl-
benzenes in which chemical shifts and solvent shifts were 
measured for both ring and methyl hydrogen atoms. 
The description and discussion of the present work is 
preceded by a brief guide to the many reviews of relevant 
previous work. 
(ii) Use of Statistics 
Extensive use has been made of computer facilities for 
2 
statistical analyses. For convenience in handling multi-
parameter regression analyses, many graphs are shown as plots 
of observed values (vertical axis) versus calculated values 
(horizontal axis), so that the least squares line has 
unit slope. The "slope" and "intercept" of conventional 
plots are thus used to define the position of the points 
on these graphs, and are obtained as the regression 
parameters, not directly from the graphs. 
Errors are statistically estimated and are quoted in 
standard form. No attempt is made to deduce absolute 
error limits for the measurements, although where a standard 
deviation (0) is well established errors larger than 20 
are unlikely. 
:3 
(B) Aromatic Electrophilic Substitution 
(i) Other Substitution Reactions 
The conjugated cyclic n-electron systems characteristic 
of aromatic molecules are not susceptible to addition 
reactions of the type readily undergone by other unsaturated 
systems. The preferred reaction is usually substitution, 
a displacement of the atom, or group of atoms, attached 
directly to one of the carbon atoms of the aromatic ring. 
When the attacking species is electron deficient it is termed 
an electrophile, and the leaving or displaced group usually 
bears a formal positive charge, while part or the whole of 
the electrophile remains attached to the ring. As the 
leaving group is also electrophilic the reverse reaction 
is possible, and the system "relaxes" towards an 
equilibrium distribution of products. 
Aliphatic substitution reactions are described by two 
model mechanisms.4 "SNllI reactions show first order 
kinetics. They are interpreted by assuming that the 
rate-determining step is an initial unimolecular heterolytic 
bond-breaking process. The resulting organic ion which 
has lost a substituent in this manner then links up with 
an oppositely charged ion from the reagent solution in a 
fast recombination. "SN2" reactions show second order 
kinetics, and are described by a single bimolecular step 
4 
in which the attacking species approaches along the axis 
of the bond to be broken but from the opposite side of the 
carbon atom at which substitution occurs. Synchronously 
with this approach, the leaving group is released and the 
three other bonds of the" sp3 hybridised carbon atom move 
away from the attacking species as shown in Figure 1. 
The geometry of the product is then "inverted" with respect 
to the reagent. 
FIGURE 1 
Reaction Models for Aliphatic Substitutions 
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(ii) Kinetic Form of Electrophilic Aromatic Substitution 
Electrophilic aromatic substitution reactions usually 
, 
exhibit second order or more complex kinetics. However, 
work by MelanderS showed that the effects of isotopic 
substitutions made in the leaving group were much smaller 
than predicted by a synchronous ~2 process. Later work 
has shown that a wide range of isotope effects may be 
observed in aromatic substitution, but Melander's conclusions 
have not been challengedft,7 Melander deduced that the process 
could not be considered as a single step, but must involve 
an activated complex capable of reverting to reactants as 
well as decomposing to pr~ducts. 
Consider the following reaction sequence:-
A + B 
kl !o.. AB 
k ... l 
AB k2 )0 products 
Since -d [AB] fdt :: (k_l + k2). [AB]· ... kl.[A][BJ 
the assumption that [AB] is small and constant (the 
"steady-state" assumption) leads to the expression:-
[AB] :: [kl f (k_l + k2~ .. [A] [B] 
Then -d [A] fdt :: kr [A][BJ - k_l .. [AB] 
:: [klk2 f (k_l + k 2 )] .. [AJ[BJ 
:: kObS·[A][B] 
6 
This more complex process still obeys second order kinetics, 
but the observed rate-constant is a function of the 'three 
rate-constants describing the components of the overall' 
reaction. If k2 is large compared with k_l then 
kobs = kl/k_l and the first step is rate-determining. 
Since little bond-breaking occurs in the formation of the 
activated complex, AB, isotope effects will be small when 
k2 is large~ 
(iii) The ~-complex 
The generally accepted model of the activated complex 
is the Wheland intermediate (~-complex.) 8 Assuming the 
electrophile attacks the rr electrons of the conjugated 
system at a reactive carbon atom, whose hybridisation is 
thereby transformed from sp2 to sp3, the Vfueland intermediate 
contains five conjugated atoms, and the TI orbitals of this 
limited system are occupied by only four electrons. The 
intermediate is a cation which has lost a major portion of 
the resonance energy of the neutral aromatic molecule, but 
the charge is delocalised mainly over the ortho and para 
,positions relative to the site of attack.9 
Several cr-complexes have been isolated as salts where 
special features provide exceptional stability.lO 
Strongly acidic media have been used to produce sufficiently 
concentrated solutions of protonated aromatics for N.M.R. 
7 
studies to be made.11•12 All these confirm the structure 
shown in Figure 2. 
FIGURE 2 
yG:J 0 !. 0 X~. '\ 
X Y 
a-COMPLEX 
In normal cases the cr'-complex represents a highly 
activated configuration present in very small concentrations, 
and as such it is believed to approximate closely to the 
IItransition staten of the reaction in which it is formed. 
(B,y Hammond's postulate13 molecular structures occurring 
sequentially during a reaction are of similar geometry if 
their energy contents are similar. As the if~complex is 
of much higher energy than the reactants, it follows that 
the transition state must be more like the C)-complex than 
the reactants. The same argument may be applied to the . 
second step of the substitution.) 
(iv) The rr-complex 
A second type of association between aromatic and 
electrophile has been suggested to cover several diverse 
phenomena. 14 In weaker acids than those used to observe 
~-complexes; and in cases where steric hindrance makes 
8 
~-complexes unfavoured, it has been suggested that a more 
loosely-bound rr-complex is formed by donation of ~-electrons 
from the aromatic to the electrophile. This bond is not, 
considered to be specific to any particular carbon atoms 
of the aromatic ring,and is usually represented as shown 
below. 
FIGURE 3 
yf§J + o \. 'I1-COMPLEX \ 
The relative importance of IT-complexes in sUbstitution 
reaction mechanisms has been the subject of some controversy. 
Work by Olah on nitration by nitronium ion salts 
(e.g. NO~BF4' NO~CI04) showed that substituent effects were 
quite large as shown by competition between the various sites 
of a single molecule, but that there was surprisingly little 
selectivity between competing molecules. 15 This was 
interpreted as demonstrating that some Idnd of ~-complex 
formation was rate-determining with subsequent selection 
of the more reactive sites of the 'molecule for (J"-complex 
formation leading to the observed products. It has been 
pointed out that the extremely fast nature of the reaction 
may cause localised depletion of the more reactive aromatic 
substrates in spite of strenuou,~ efforts to achieve mixing 
during addition of the nitrating agent. 16 Until this 
possibility is eliminated it is ttnnecessary to postulate 
9 
rate-determining IT-complex formation to explain these 
results .. In less reactive systems intermolecular . 
reacti vi ty is usually well described by direct competi ti'on 
between the possible a-complexes, and although IT-complexes 
may occur they do not appear to be kinetically significant. 
(v) Correlation of Substituent Effect~ 
Although the theory of absolute reaction rates as 
developed by Eyring and his co-workers17 cannot be used 
to calculate reaction rates a priori until much more 
detailed knowledge is available concerning the transition 
states of reaotions, oonsiderable progress has been made 
towards quantitative assessments of the modifications of 
reactivity oaused by substituents. Following the sucoess 
of the Hammett treatment of side-chain reactions of aromatio 
moleoules extensions to direct SUbstitution reactions have 
been investigated. For the simple Hammett-like relation 
log k/kH ::: pO" 
successful correlations require large p values to acoount 
for the greatly increased sensitivity to substituents 
compared with side-chain reaotions.} Substituents 
intrinsioally oapable of resonance donation show greatly 
enhanced activation towards electrophilio substitution 
when placed ortho or para to the reaction site. 18 When 
placed in the ortho position substituents of varyingsterio 
requirements oause deviations from the linear relationship 
, , 
10 
according to the steric requirements of the reaction. 19 
(Both steric hindrance and steric acceleration are possible 
depending on the relative sizes of the attacking and leaving 
groups.) Resonance contributions to the transition state 
can also be hindered if a substituent is forced into an 
un£avourable orientation by steric factors. 
The relation between the behaviour of a given substituent 
in the various positions relative to the reaction site has 
also been investigated. In particular, the substituent 
effects have been analysed into two parts, inductive and 
resonance. 20 Inductive effects are said to operate where 
no ~saturated linkages exist between substituent and 
reaction site. The relative importances of transmission 
of this effect through the bonding electrons and by direct 
electrical field effects have not been clearly established.21 
The resonance effects show their importance in electrophilio 
substi tution most clearly for several sUbstituent's, (e.g. the 
methoxy group) which deactivate if placed in the meta 
position, but activate when placed in the ortho and para 
positions. In fact it has been shown that except for 
these substituents several good correlations exist between 
the various types of (J values pr0I>0sed to account for 
different reaction site-substituent pathways.22 
Recent work has successfully extended these studies 
to the napthalene series using the four parameter relation 
due to Taft. 23 l' og k/k_ 
, -11 :::: PI90"I + PR"~R 
11 
(c) The Additivity Principle 
A simple solution to the problem of multiple substitution 
was proposed by Condon. 24 He suggested that a given 
substituent in a given position made a characteristic 
contribution to the free energy of activation, and that if 
more than one substituent was pr.esent the resultant 
oontribution was simply the algebraic sum of those observed 
for mono-substitution; thus 
is the modification to the free energy of activation caused 
by a set of substituents (S) for which 6~G* is the 
modification observed in the mono-substituted compound. 
Also * 2.303RT log k/kH = -6~G 
where H denotes the unsubstituted compound, and this equation 
is derived from the absolute rate theory.1? 
..... k/kH = exp(- 6 sLlG*/2 .. 303RT) 
S 
= IT exp(-6gllG */2.303RT) 
S 
where kS/~ is the ratio of reactivities of a given reaction 
at a particular site with and without the substituent S. 
For example, the ratios af the reactivity at the artha, meta, 
12 
and para tions of toluene relative to one posi on of 
benzene, three constants that can be used to predict 
reactivities for the polymethylbenzenes. Using the nomenclature 
p~ :::; kS/k-rl where pf is a "partial rate factor"? and labelling 
the three po t~ons of the methyl group o~ m~ and p? 
calculated reactivities relative to benzene for the different 
positions of the xylenes are shown below. 
FIGURE 4 
Partial Rate Factors for the Xylenes 
The additivity principle has been tested by measurements 
of overall molecular reactivities of the polymethylbenzenes 
for bromination, chlorination, mercuration, benzoylation~ and 
deuteration .. 25 (See pages 89-90~) Agreement is satisfactory 
except where steric requirements are large .. Decreased 
reactivities for the higher polymethylbenzenes are usually 
observed, however. Some reactions involving displacement 
of groups other than hydrogen have facilitated examination 
of the reactivities at specific positions. Unfort-una tely 'J 
13 
deviations clearly due to steric effects are observed. 19 
The present work arose from problems encountered in 
explaining the results of nitration of the trimethylbenzenes 
and xylenes. 1 •2 ,26 Although complicated by acetylation as 
a side reaction no reconciliation with the additivity 
principle has so far been possible. The advan-tages of 
detritiation as a guide to electronic effects are discussed 
in the next section. 
The Additivity Principle has received extensive attention 
in the reviews by Stock and Brown, 3 Baciocchi, and 
Illuminati,25 and Norman and Taylor. 19 
(D) Hydrogen Exchange 
(i) Hydrogen Excha..rl.ge as an Electrophilic Substitution' 
Reaction 
14-
The proton is the smallest chemical electrophile and 
offers the possibility of small steric requirements if it 
can be obtained free from a strongly attached solvent 
11 shell" .. As hydrogen atoms form bonds to a very wide range 
of other elements, an almost infinite range of electrophilic 
reactivities can be obtained .. ··,These can only be observed 
in electrophilic substitution, however, if the proton is 
still partially attached to the conjugate base (of the reagent 
acid) in the rate-determining transition state. 
For the aromatic exchange reaction the possible reaction 
sequence shown in Figure 5 has been suggested. 27 
FIGURE 5 
H'A + Q -.:.. G-Hle~ ----.;. H~ ~ Q + HA ..,- ~ ---
H H Hl RI 
'Ii'-COMPLEX O"-COMPLEX ,-r..COMPLEX 
A-I Model for Hydro~en Exchange 
It can be seen that if k2 represents the rate-determining 
step then this will be largely independent of A. 
The rate of hydrogen exchange will follow the 
simplified relation 
-d Ines] /dt :::: ~ [H+] 
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compared with that for the ASE2 mechanism (Figure 6) for 
which the relation 
is predicted. A study of reactivities in buffered 
solutions can in principle distinguish between the two forms. 
In practice solvent dependence studies have given 
conflicting evidence, and the ASE2 mechanism now appears to 
have more general application, Since the solvent 
markedly affects the behaviour of substituents, as evidenced 
by the reversal of the Baker-Nathan order (t-Bu<Me) on 
changing from sulvhuric acid to trifluoroacetic acid media!8 
it is not surprising that discrepencies have been found 
for treatments which consider only the interaction of'A 
with the proton transferred. 
l···y(j) + Q 
X 
FIGURE 6 
Q + X~ .. Ae 
y 
X.Y ARE HYDROGEN ISOTOPES 
Model for Hydrogen Exchange 
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The steady-state approximation has previously been 
applied to the ASE2 mechanism (page 5). 
of Figure 6; 
kobs = kl k2/(k_l +k2) 
With the notation 
From the similarity of the several isotopes of hydrogen we 
expect that k_l and k2 will be of the same order of magnitude. 
(The second step would also be reversible if the 
concentration of tritium atoms was comparable to the 
concentration of protons in the acid medium.) 
It can be shown that differentiation of the 
steady-state equation leads to, the expression 
Since d(ln k) = -d(6G* /RT) from the absolute rate equation 
The'se energies are illustrated in Figure 7. (See page 17.) 
Perturbations of the activation energies such as those 
produced by substitution will probably cause similar 
changes in the quanti ties LlG~l and LlG~. The above 
equation then shows that the change in the free energy 
calculated from the overall rate-constant is a good measUre 
of the change in LlG~, and hence ,the stability of the first 
transition state. Good agreement with Hammett correlations 
can then be expected in spite of the apparent complexity 
of the observed rate-'constant. 
>-
C!J 
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W 
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FIGURE 7 
REACTION CO-ORDINATE -------?> 
Reaction Profile for ASE2 
(ii) Experimental Techniques for Measurement of Hydrogen 
Exchange 
Techniques for the measurement of hydrogen exchange 
have been well established. Isotopic substitution 
enables the reaction to be treated as an ordinary 
transformation of reagents into products, chemically 
distinguishable by N.M.R. and mass spectroscopy for deuterium, 
and by liquid scintillation counting in the case of tritium. 
Tritium has the advantage of requiring only tracer levels 
of substitution, and the method of analysis is more suited 
to large numbers of samples. 29 
As previously noted displacement reactions allow prior 
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selection of the reaction site to be observed. Hydrocarbons 
can be labelled by reaction of a Grignard reagent 
(derived from the appropriately substituted bromohydrocarbon) 
with either D20 or tritiated water. The rate of exchange 
of this label when the hydrocarbon is reacted with protons 
from a suitable acid can then be measured. Pure 
trifluoroacetic acid (at 700 0) has been found to be a good 
solvent and to afford high acidity without interfering 
side-reactions (e.g. sulphonation where sulphuric acid is 
used) • Detritiation under these conditions has been 
shown to be sensitive to the methyl group as a substituent, 
to obey pseudo first order kinetics, to have apparently 
small steric requirements and, for the xylenes, to exhibit 
only small deviations from the Additivity Principle. 30 
These investigations by Eaborn and his co-workers 
also indicated that it should be possible to measure the 
reactivities of a large number of the positions of the 
polymethylbenzenes under these conditions, enabling 
confident comparisons to be made. 
In fact the deviations from Additivity found in the 
present work reduced the expected spread of rates so that 
only isodurene and pentamethylbenzene eventually had to 
be measured at lower temperatures. 
(iii) Remu ts of Previous ':lorls 
Results for hydrogen exchange under the conditions 
chosen for the present work (trifluoroacetic acid at 700 0) 
have been obtained for detritiation and for deuteration" 
These are compared with the results obtained in the pre 
wOl"k in the Discussion .. (Pages ,74 and 103 respectively_) 
Detritiation results were not available for the trimethyl-
benzenes or the higher polymethylbenzenes. The 
deuteration results covered the whole range of polymethyl-
benzenes, but referred to overall reactivities rather than 
those of the individual ring positions, and they also 
involved approximate temperatu~e extrapolationso 31.32 
Results using a variety of other conditions have been 
surveyed by Norman and Taylor 19 and cover a very limited 
range of the polymethylbenzenes. 
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(E) N .lft.R. S-tudies of the Protons of the Pol;ymeth .• y:lbenzepes 
. (i) O)1emical Shift.§. 
Vlhen a substance is placed in the applied magnetic field 
of a nuclear magnetic resonance spectrometer, the various 
chemically-distinguishable protons occurring in the 
substance experience different resultant magnetic fields 
because of the existence of small local fields. When a 
. liquid is being observed? the molecules turable &~d so 
experience almost random orientations with respect to the 
applied field. The time-averaged signals observed in the 
resonance measurement therefore are affected only by loc 
fields which are dependent upon the direction of the appli 
fieldo Such fields are produced when molecular motion 
couples with the applied field to induce electronic motiono 
The conjugated rings of aromatic molecules provide a 
low energy path for electronic motions, and behave like 
circular conductors when moved in an applied magneticfieldo 
FIGURE 
B 
:----~,~-
As shown in Figure 8 the environment of the ring 
includes both shielding regions (A, B) and deshielding 
regions (0, D) so that relative positions determine the' 
influence of a ring current on a particular proton. 
In a similar fashion electron circulations in more 
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restricted orbitals generate magnetic fields. Protons are 
thus invariably shielded by their bonding electrons. 
Effects due to more distant electrons are dependent on 
orbital anisotropies. For example, consider the situation 
in Figure. 8 when Ho is perpendicular to the illustrated 
direction. If the ring could now sustain a current which 
produced a field opposing Ho' A, B would become deshielding 
regions and p, D would become shielding. Thus, the 
existence of a net effect at positions other than the centre 
of the ring is dependent on the difference between the 
magnetic susceptibilities in two perpendicular directions. 
Because a proton is substantially shielded by its 
bonding electrons, its chemical shift is sensitive to 
changes in the electronegativity of the atom bonded to the 
proton. This is the basis of the relation of chemical 
shifts to changes in reactivities which has been established 
by Taft's set of of values derived from fluorine chemical 
shifts for a wide variety of sUbstituents. 33 
There have been many reviews of the theory of chemical 
shifts. 34 t 35.36 
22 
(ii) Solvent Effects 
Considerable interest is being shown in solvent effects 
on chemical shifts in N.M.R. studiesg 37 Williams and 
his co~workers have examined a limited range of the 
polymethylbenzenes in several solvents and concluded that 
steric effects are important. Extended studies have 
been made on benzene solvent shifts, 37,38 and results 
have been interpreted in terms of preferred specific 
orientations of the benzene molecules with respect to the 
solute molecules. 
In order to detect any solvent induced anomalies in 
the present work measurements were made in both carbon 
tetrachloride and n-hexane. 
(i-ii) £!evious Work 
A number of studies have been made of the chemical 
shifts of the protons of the polymethylbenzenese For 
example t Reddy, 39 Alexandrou, 40. and Lewis 41 have made 
measurements for some members of the series using carbon 
tetrachloride as a solvent. 
It has been suggested by Williams and his co-workers 42 
that CC14 solvation effects are dependent on steric 
hindranceG None of these experiments covered the complete 
range of polymethylbenzenes, and the possibility of an 
additive relationship for the effects of sUbstitution had 
not been properly examined. 
these aspects. 
The present work invest~gates 
EXPERIMENTlJ!, 
(A) Preparation of Specifically-Labelled 
Polymet~ylbenzenes 
Isomerically pure samples of the halo-polymethyl-
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benzenes were used to form Grignard reagents which were 
decomposed by tritiated water. This results in specific 
labelling at the site of the original halogen atom with 
an activity depending on that of the tritiated water and 
on the adverse isotope effect. (kH/kT = 3-4)43 
(i) Gas-Liquid ChromatographY 
As the boiling points of the bromopolymethylbenzene 
isomers are within a few degrees of each other and only 
bromodurene and bromopentamethylbenzene are readily 
crystalline at room temperature, purification control 
relied heavily on chromatographic and spectral techniques. 
Thin-layer chromatography was not found helpful in 
distinguishing between these isomers so the versatility 
of gas chromatography was exploited. 
The following columns were prepared by packing under 
pressure. 
1. 5% PEGA (polyethyleneglycoladipate) on 60/80 
mesh Chromosorb P in a Sft x 1/8in O.D. copper column. 
The same solid support and column shell specifications 
apply to all columns unless otherwise stated. 
2. 5% PEGA in a 12ft x l!Sin O.D. copper column.' 
3.. 5% QF-l.(fluoro-silicone) 
4. 5% SE-52 (phenyl-silicone) 
5. 5% XF-1150 (cyano-silicone) 
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6. 2.5% QF-l on Aeropru( 30 in a 20ft x 3!32in O.D. 
copper tube. This has half the inside diameter of the 
ordinary 1!8in tubing and is of the tMicrop~' (Varian-
Aerograph) type. As a semi-micro column it could be 
used without a stream splitter but resolution improved 
greatly as sample size was decreased. Carrier flow was 
too slow to monitor but was maintained by a 201b input 
pressure .. 
7. 2.5% QF-I on Aerop~ 30 in a 4ft x 3/Sin O.D. 
aluminium column. 
8. MHVI (m-bis-m-phenoxybenzene) in a 200ft x O.Olin 
T.D. stainless steel column. This was a Golay column 
supplied by Perkin-Elmer .. 
9. QF-I in a 200ft x O.Olin I.D. stainless steel 
column" This was made from an old Golay column by washing 
with dichloromethane and nitric acid and then blowing a 
tplug V of QF-l dissolved in dichloromethane and a little 
Tergitol (this blocks any active sites), through the column~4 
This column appeared to lose its liquid phase after about 
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20hrs use. 
10.. 5% SE-30 (silicone gum rubber) on 60/80 mesh 
Chromosorb W in a 5ft x 1/8in OeD. stainless steel column. 
Most columns were used in a Varian Aerograph Model 
1200 HI FI III with an alloy flame ionisation detector 
using nitrogen as the carrier gas controlled by a 
Differential Flow Controller. Injections were made 
on-column. 
The Golay columns required a stream splitter and 
were used either in a Perkin-Elmer F-ll or a Micro-Tek 
Model 2500 II. An Aerograph Autoprep Model 700 was used 
for preparative work. 
Peak areas were assumed to be linearly related to 
carbon content and were measured by a Kent Chromalog 
Integrator or estimated as the product of the width at 
half height x height. 
Of all the liquid phases tried PEGA and QF-l were 
by far the best at resolving the aromatic bromo isomers. 
QF-l was the superior because its lower viscosity allowed 
it to be used below 1000C where PEGA no longer solvated 
well. The Golay columns were very easy to overload and 
suffered from long retention times but remained the last 
resorte The semi-micro (Micropak) column proved an 
excellent compromise and was used in most of the analyses. 
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TABLE 1 
G. L. C. Analy,ses of BromoJ?olymethylbem:~ 
Compound, Temperature 
Time 
_'I'" 
(Page 24) (min) 
Bromo toluenes 8 100 
ortho- 70 
meta- 74) 1/3 para- 73) 
Bromo-orthoxylenes 3 65 
3- 10) 1/4 height 4- 12) 
Bromometax;y:lenes 6 70 
2- 17 ) 1/4 4- 18(5) 
Bromo-pseudocnmenes 8 140 
3- 55) 
5- 56) 1/4 height 
6- 61 
Bromohemime1litenes 6 80 
4- 40.,5) l/Sheight 5- 44(115) 
Bromotetremeth;y:l-
benzenes 6 125 
bromo prehni tene 10 
bromo-is 0 durene 8(5) not 
bromodurene 8 .. 0) resolved 
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SE-30 is the best for scanning for impurities of widely 
differing boiling points, and XF-1150 proved satisfactory 
for ~someric anilines and also for low boiling solvents. 
(ii) Spectrometers 
Infrared spectra were run on a Perkin Elmer 337 
Grating Spectrometer and compared with spectra published 
in the D.M.S. card system or in other literature. 
N .lVI.R. spectra were run on a Varian A60 instrument 
in carbon tetrachloride using T.M.S. as an internal 
reference. 
Mass Spectra were run on an AEI MS902 spectrometer. 
(iii) Distillations and Recrystallizations 
Difficult separations were carried out in a 24in 
Nester-Faust annular teflon spinning band or an 18in 
Nester-Faust goldplated spinning band column. other 
distillations were carried out with 3in-6in vigreux columns 
'ol 
or with a 6in glass helices column. Simple distillations 
of small quantities were carried out in a short-path 
apparatus similar to that for sublimation. Solvent could 
be removed under reduced pressure by inserting a capillary 
" 
tube in the line to the pump and so ensuring a steady 
boil off without an air bleed. 
Low temperature fractional recrystallizations were 
carried out in a refrigerated room to minimize icingo 
The mother liquor was removed with a syringe to avoid 
melting the crystals during filtration. 
(iv) Preparation of the BromopolYmethylbenzenes 
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All compounds were considered pure if less than 0.5% 
impurities were detected. Infrared spectra were compared 
with the literature, usually with the D.M.S. card system.45 
G.L.C. analyses were performed on at least two columns 
for all compounds - column (10) to scan a wide range of 
boiling points and another column to show isomeric purity. 
(The column numbers refer to those on page 25.) G.L.C. 
Retention times of the aryl bromide i,somers are shown 
in Table 1. 
Bromobenzene (Hopkin and Williams G.P.R. grade) 
was examined on column (6) and no impurities could be 
detected. The infrared spectrum compared exactly with 
that in the'literature. 
p-Bromotoluene (Hopkin and Williams A grade) 
was examined on column (8) at 1000C. The commercial 
sample of p-bromotoluene showed no evidence of the other 
isomers. The infrared spectrum showed no trace of the 
peaks at 683cm-l and 746-1 characteristic of the meta 
and ortho isomers respectively. 46 
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o-Bromotoluene (Fluka "furiss ll grade) showed 
about 2$5% of meta or para isomer on column (8}. No peak 
was observed at 476cm-l (p-bromotoluene) in the infrared 
spectrLtm indicating the meta isomer as the impurity. 
Recrystallization from pentane using dry-ice/acetone 
reduced the impurity to 1%. (moposo -2600, -4000, +28.50C 
for 0, m, p-bromotoluenes respectively) 
m-Bromotoluene (L .. Light) showed a trace of the 
ortho isomer (1%) on column (8). The infrared did not 
offer conclusive evidence about the possibility of either 
isomeric impurity. Recrystallization from pentane using 
dry-ice/acetone reduced the ortho isomer to 0.3%. 
4-Bromo-o-xylene (Aldrich) was shovm to· contain 
about 15% of the 3-bromo isomer using column (3). This 
impurity (b.p. 211.5) was removed by distillation under 
reduced pressure using a Nester-Faust annular spinning-
band column? and a fraction of 4-bromo-o-xylene (b.p. 
214.500) showing no detectable impurity was obtained. 
2-Bromo-m-xylene (Aldrich) was purified by dis-
tillation using the annular spinning-band column and 
showed no impurities on column (6) or N.M .. R. 
Another isomerically pure sample was made from 
recrystallized 2,6-dimethylphenol (L.Light) using the 
30 
method of Schaefer and HigginsQ47 Triphenylphosphine 
was brominated in acetonitrile and the phenol added to 
form a complex which was decomposed at 200-3000 0, the 
reCJ.uired bromo-xyJ.e:r:l(;, bol~illg (J.J...J.:'@ \. Yield 60%> The 
only impurity was some m-xylene. 
4-Bromo-m-xylene (Fluka IIpurum1t, 99% G.O.). showed 
about 10% of the 2-bromo isom'er on column (6)!? confirmed 
by N.M.R. As these isomers were very difficult to 
separate even on G.L.C. it was not thought practicable 
to separate them by distillation. 
Isomerically pure 4-bromo-m-xylene was prepared 
from 2,4-dimethylphenol (B.D.H .. ) by the method of Schaefer 
and Higgins.47 (Yield 30%) 
5-Iodo-m-xylene was prepared from the correspond-
ing xylidine. 3,5-Dimethylaniline (Aldrich) was distilled 
under reduced pressure and show~ to contain one peak on 
column (5). Diazotisation of' the amine dissolved in 
a mixture of aCJ.ueous hydrochloric acid and tetrahydrofuran, 
and reaction of the diazonium salt with potassium iodide 
overnight gave the 5-iodo-m-xylene and a considerable 
amount of phenolic impurity. After distillation the 
product appeared to be pure on column (3} and infrared. 
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2-Chloro-p-xylene (Flu1~a "purum1r 99% G. C.) was 
analysed on column (8), infrared, and N.M.R. 
could be detected~ 
No impurities 
4-Bromohemimellitene was prepared by bromination 
of hemimellitene with bromine in chloroform. 48 Commercial 
hemimellitene (L.Light) was shown to be pure on column 
The brominated product showed no detected isomeric 
impurity on columns (6) and (9)~ or by N.M.R. 
5-Bromohemimellitene was prepared from 5-amino-
hemimellitene which was made from isophorone by the method 
of Beringer and Ugelow. 54 Isophorone was prepared by 
reacting sodium wire (lOOg) with dry acetone (lOOg): cooled 
in an ice bath. A vigorous reaction 'occurred and a brown 
layer formed on the surface. Methanol was added to 
destroy any unreacted sodium and then the mixture was 
poured onto ice. The acetone was removed by flash 
distillation through a short column and the organic material 
obtained by steam distillation and extraction into 
dichloromethane. The 278g of liquid obtained was dis-
tilled through a short vigreux colurrrn and two fractions 
collected", (b",p. 75-900 C at 4mm and 90-1000 C at 4mm) 
The lower-boiling fraotion was distilled through a 
Nester-Faust spinning-band column and the main fraction, 
Preparation of 5-Bromohemimellitene 
CH3-C-OH3 II 
o 
° n 
Na ~--~ CH30 CR CH3 3 
isophorone 
and 
H-OH 
_HO_1_rH_2_71 CH301 r
rf""J OH
3 
vtl3 
r 
Preparation of 6-Bromopseudocumene 
SnC12 ~aOH 
33 
95g of clear liquid, b.p. 600 0 at 2Q5mm~ was collected 
and' shown. to be better than 98% pure isophorone by' column 
(5) and infrared. (Yield 10%) 
Isophorone oxime was prepared in 85% yield by reaction 
of isophorone and hydroxylamine in pyridine and methanol. 
The oxime was reacted with acetyl chloride in acetic 
anhydride and pyridine to form a mixture of 3,4,5-tri-
methylacetanilide and 2,3,5-trimethylacetanilide by 
methyl migration and aromatization. Total yield 73g 
(80%) • 
The mixed acetanilides were refluxed with 20% sulphuric 
acid to yield the anilines. After distillation and 
recrystallisation from pentane/hexane mixtures 24.7g (45%) 
of 5-aminohemimellitene was obtained and appeared pure 
on colunm (5) .. 
199 of 5-aminohemimellitene was reacted with 22.7g 
of freshly-prepared n-amyl nitrite in bromoform (80ml) 
at 1000 0 for Ihr.. Elution of the crude material with 
pentane on silica gel gave 5-bromohemimellitene (8.5g, 
33%) shown to be pure on columns (6) and (9), and by 
infrared. 
3-~romopseudocumene was prepared by the method 
of Lowe, Torto, and Weedon~9 Pseudocumene (L .. Light) 
was shovm to be free of other hydrocarbon isomers by 
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G.LeCo analyses and was sulphonated with concentrated 
. sulphu::cic acid, yielding pseudocurnene-5-sulphonic acid. 
This was then brominated with bromine in the sulphuric 
acid solution and the water-soluble fraction separated 
from the tribromopseudocumene. The 3-bromopseudocumene-
5-sulphonic acid obtained was hydrolysed with steam in 
80% (w/w) sulphuric acid at 18<0-1900 C., (The bromo-
pseudocumene had to be removed quickly or decomposition 
occurred",) On distillation a mixture of 3-bromo-(80%) 
and 5-bromo-(2Q%) pseudocumene was obtained" (Analyses 
on column (8) and infrared. Total yield 60%.) 
As the 5-bromopseudocumene is a solid at room 
temperature (m.p. 700 0) and the other isomers are liquids, 
it was found possible to purify the product by low 
temperature fractional recrystallization. The purifi-
cation proceeded through three stages. First~ the mixture 
was cooled until crystals formed which, when filtered 
off, did not melt on warming. This reduced the impurity 
content of the mother liquor to 12%. Secondly, the 
addition of pentane allowed the process to be repeated 
until the impurity was down to 7%. At this stage the 
crystals melted at room temperature and began to contain 
less impurity than the mother liquor. Successive 
recrystallizations then gave a fraction containing less 
than 1.3% 5-bromopseudocumene. 
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5-Bromopseudocumene was prepared by the method 
of Smith and Kiess9 50 Pseudocumene-5-sulphonic acid 
was prepared by the method of Smith and Moyle51 'and then 
, 
brominated with bromine in 50% aqueous (v/v) hydrochloric 
acid .. Extraction of the ether-soluble fraction and 
several recrystallizations from ethanol yielded 
5-bromopseudocumene (m.p .. 69-700 0. Yield 10%) pure by 
column (8) and infrared, and identical with the other 
reaction product in the synthesis of 3-bromopseudocumene. 
6-Bromopseudocumene was prepared by the method 
of Carpenter and Easter. 52 eudocumene was nitrated 
using HN03/H2S04 and after distillation and recrystalliza-
tion from methanol, 5-nitropseudocumene (mop. 69.5-70.50 C. 
Yield 25%) was obtained and appeared pure by columns 
(4) and (8), and infrared. 
5-Pseudom:unidene hydrochlorid~ was obtained 
by reduction of the nitropseudocumene with iron powder 
in aqueo~s ethanol and hydrochloric acid. The product· 
was recrystallized from ethanol/ethyl acetate and a small 
portion was converted to amine and appeared to be pure 
by column (5). (Yield 72%) 
The amine hydrochloride was brominated in a mixture 
of acetic acid and 30% aqueous hydrochloric acid and the 
product washed with water and benzene to give 6-bromo-5-
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pseudocumene hydrochloride (Yield 90%)? pure by N.M.Re . 
(using trifluoroacetic acid as solvent) and infrared. 
G.L.C. analyses of the amine 9 obtained by treating the 
hydrochloride with base, showed product compositions 
that varied with the conditions of conversion. 
The.hydrochloride was dissolved in a mixture of 
tetrahydrofU2~an and aqueous hydrochloric acid and 
diazotised with aqueous sodium nitrite. T.his solution 
was added to a cold solution of alkaline stannous chloride 
and the product obtained by steam distillation and distill-
ation through a Nester-Faust spinning-band column was 
pure on column (5) and infraredo (Yield 40%) 
Bromomesi tylene (Fluka Ii purum II I grade) was analysed 
on column (8), N .M.R., and infrared. 
could be detected. 
No impurities 
Bromoprehnitene was obtained by bromination of 
prehnitene (K & K), which had been shown to be isomer 
free by GeL.C., N.M.R., and infrared. The reaction 
was carried out at OOC using bromine in chloroform. 
After distillation the product was shown to contain less 
than 2% of prehnitene and dibromoprel~tene by G.L.C., 
and NoM.R. NeM.R. showed there was less than 2% of 
either bromodurene or bromo-isodurene present. Column 
(6) showed no bromo-isodurene and a vari~ble amount 
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(1-510) of bromodurene which seemed to be forming on the 
COlunul, or in the injector. 
~romo-isodurene was prepared by chloromethyl-
ation of bromomesitylene and partial reduction of the 
product. This route was chosen because no pure isodurene 
or mesitylene was available. Di-(chloromethyl)-ether 
(16.6g) was dissolved in trifluoroacetic acid (5Oml) 
and bromomesitylene (28.0g) added. The mixture was 
kept at 50-600 C overnight and then poured into 250mls 
of saturated sodium carbonate solution. After extraction 
with ether and washing with water the ethereal solution 
'was dried over anhydrous magnesium sulphate and the ether 
evaporated leaving 36g of crude solid product. An attempt 
to recrystallize this from ethanol converted 30% into 
3-bromo-2 v4,6-trimethylbenzyl ethyl ether. (N.M.R. and 
mass spectral analysese) Dichloromethylated product 
and its corresponding ether were also detected and the 
mass spectrum show~d about 1% of dibromomesitylene. 
(The reactivity of the bromo-chloromethyl-mesii71ene 
towards ethanol was rechecked and it was found, as before, 
that no reaction could be detected after several hours 
at room temperature, but that at reflux 30% conversion 
was obtained in about ten minutes.} G.L.C. analysis 
was not possible because of decomposition of the material 
at high temperatureso The mixture obtained from the 
recrystallization was then distilled UlLder reduced pressure 
and fractions boiling at 140-150, 150-170') and 170-2000 0 
at 6mm were obtained. 
207g of the first fraction were dissolved in cold 
ethanol (llml) containing triethylamine (l.lg) and Raney 
nickel (W2, 001).53 This mixture absorbed 175ml of 
hydrogen in 40 minutes and N.M.R. showed the reaction 
had gone almost to completion. The mixture was filtered~ 
the solvent evaporated off, and then the residue was eluted 
through a silica gel/alumina colurnl1. with pentane, before 
being fr~ctionally distilled. A fraction of bromo-isodurene 
(0.79g) was obtained showing 1-1&5% bromoprehnitene and 
less than 1'10 of total other impurities by a combination 
of column (6) and N.M.R. analyses. 
Bromodurene was prepared by bromination of durene 
(B.D.H.) which was found to be. isomer-free by G.L.O. 
and N.M.R. analyses. The brominating reagent was bromine 
in chloroform at oOe. After fractional distillation 
the final product contained 2.5~ dibromodurene and less 
than 1'10 durene. N.M.R. showed clearly less than 1% 
bromoprehnitene in spite of a variable 10-20% appearing 
in G.L.O. No bromo-isodurene was observed. 
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(v) Ereparation of the Tritiated Hydrocarbons 
The general method for the conversion of the halo-
aromatics into Grignard reagents was as follows. The 
halo aromatic was dissolved in 5 volumes of dry ether 
and dried over 5A molecular sieveo A three-necked flask 
was fitted \vith a double surface condenser and drying 
tube, a teflon blade stirrer and oil seal, and a pressure-
equalizing dropping funnel connected to a nitrogen line 
via a sodium hydroxide drying tube, a sulphuric acid 
bubbler and (if diethyl ether was being used) another 
bubbler containing dry ether to reduce solvent ,loss 
during the reaction. 
A lO~ excess of magnesium turnings (Riedel de Haen) 
, and a drop of dibromoethane was used to form the Grignard 
reagent. As these halides are deactivated it was often 
necessary to warm the reaction mixture. However, the 
more highly substituted compounds reacted quite readily, 
suggesting that the relief ofsteric strain was more 
than compensating for their electronic deactivation. 
No difficulties were encountered in forming the Grignards 
from chlorides or iodid'es and the only sigtlificant amount 
of dimerization occurred with p-bromotoluene. the 
reaction did not start in diethyl ether some tetrahydro-
furan was added to the reaction vessel. It was desirable 
to use a minimum amount of tetrahydroi'uran; its higher 
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boiling point makes its removal more difficult than di-
ethyl ether, and its solubility in water mruces extraction 
more difficult. 
The Grignard reagent was then decomposed with the 
theoretical amount of tritiated watero USu<.llly a lOmc/ml 
activity was used, but if only a small amount of the 
aryl halide was available then a 20 mc/m2 solution wouJ.d 
be used and a quantity of the appropriate unlabelled 
aromatic hydrocarbon added. T.he solution was stirred 
for half an hour and then excess water added. The 
precipitated magnesium salts were dissolved in saturated 
ammol1ium chloride solution and extracted with pentane. 
The combined extracts were washed and dried over magnesium 
sulphate before being distilled. It was found that the 
last traces of ether couJ.d be removed by washing with 
concentrated hydrochloric acid, but this was not used 
for the more reactive compounds in case hydrogen exchange 
occurred. 
The reaction product was analysed by G.L.O. and 
infrared 0 It was then stored in the darkQ If colour 
developed during storage, samples were redistilled before 
use .. 
Samples of 6-H3-pentamethyl benzene and 3-H3-o-xylene 
were available from work by Mro B"N .. McMaster and 
Dr. G.J. W~ight respectively. 55 
(B) Measurement of Rate Constants for H;y:drogen ExohaXl.ge 
(i) Materials 
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Trifluoroaoetio aoid (Fluka tpurum t ) was distilled' 
through a 2ft preoision-bore vigreux oolumn, first off 
silver oxide and then off sulphuric aoid. (Riedel de 
Haen, A.R. grade containing less than 0.00006% 01) 
Scintillator: p-terphenyl (Nuclear Enterprises, 109) 
and 1,4-bis-(2-(5-phenyloxazolyl))-benzene (Nuclear 
Enterprises, 0.025g) were dissolved in toluene (B.D.H. 
AIR grade 2.5 litres).56 
(ii) Instrum~nts 
Sointillation oounts were made on an I.D.L. Model 
(6012) Liquid Scintillation Counter. This is a dual 
ohannel ooincidenoe counter with single ohannel output to 
a scalar. 
Runs at 70.0°0 were conducted in a waterbath with 400W 
base heater and a 1.5KW heater switched by a Jackson 
thermoregulator via a Gallenkamp relay. For runs at less 
than 200 0 a Townsend and Mercer 'Minus Seventy v coldbath 
was used. Measurements at intermediate temperatures 
were made in a bath controlled by a 1.5mv gTempunit t 
(Tecam) .. 
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(iii) Method 
The method used was basically that developed by 
Eaborn and his co-workers/7 About 40mg of tritiated' 
aromatic was dissolved in lOml of trifluoroacetic acid and 
placed in a thermostat bath. Aliquots (lml) were removed 
at known times, quenched in a solution of l~ NaOH (100ml), 
and extracted into scintillator solution (lOml). These 
were then washed with water (lOOml), dried over anhydrous 
MgS04 , and a 4ml portion measured out accurately for 
counting. Eight such aliquots were usually taken per run 
and counted on the same day. 
If the run was slow enough to allow ampoules to be 
used, these were filled with aliquots of reaction mixture 
using a glass pipette controlled by ~ 5ml syringe (connected 
by a piece of rubber tubing)Q The &'1lpoules were kept in 
an ice bath until sealed. (At least 25% air space was re-
quired to allow for expansion at 700 0.) T.ae ampoules 
were held in a metal clip rack in the bath during the run 
"and when required were removed, washed with ether and,water, 
scratched with a glass-knife v and broken with a brass rod 
in a long-necked, conical, stoppered flask (250ml) 
containing alkali and scintillatorG 
For fast runs lOml of trifluoroacetic acid were brought 
to bath temperature in a stoppered, volurfietric flask. 
The tritiated hydrocarbon was added as a liquid (solids 
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were dissolved in two drops of toluene} and the flask 
stoppered, shaken, and replaced in the bath. A'syringe 
with a coarse needle was used to extract aliquots a~d expel 
them quickly into separatory funnels oontaining the alkali 
and scintillator solutions. 
(iv) Sources of ~rr~ 
(1) Volumetric 
Three precise volumetric measurements were required~ 
The measurement of the lOml of scintillator solution and 
the 4ml counting aliquots were made using constant volume 
pipettes closed by a stopcock. These were showft to give 
aliquots of standard deviation less than O.2%~ 
The aliquots of reaction mixture were either measured 
first into glass ampoules p using glass pipettes (lml), 
before being placed in the bath, or were withdrawn from a 
flask by a syringe (lml)g and immediately quenched. The 
latter method had to be used for t reactions and did 
not appear to give significantly greater scatter in the 
kinetic runs. 
"about 1%. 
The standard error of this measurement was 
(2) Counting Statistics 9 Geometry~ and Fluorescence 
A Poisson distribution for counting statistics was 
assumed, and at least 10,000 counts made per sample 
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(usually 20~OOO)~ The standard deviation of the count 
should then be less than 1%. The sample bottles used had 
screw-caps and if these were noticeably loose the count 
was 1% too low", ~1e sample bottles were cleaned before 
counting and the self-centring device employed by the 
counter appeared to eliminate errors of position.. . Keeping 
the samples in a darkened room during counting reduced 
fluorescence which appeared to become negligible after 
3-4 minutes in the dark. 
(3) Quenching Effects 
(a) Solvents 
Traces of ketones and halocarbons have significant 
quenching effects on the sciJ;ltillator s'ystem employed 
(p-Terphenyl and POPO~ )?8 For example, 0.3% acetone 
impurity reduced the count by 55%. Dilute mineral acids 
and alkali had no effect; neither did water, pentane~ or 
ether .. 0.3% methanol reduced the count by 2%. Trifluo-
roacetic acid also had a strong quenching action, but this 
was reversed by washing with dilute alkali. 
Accordingly, glassware was washed with ether and benzene, 
rather than acetoneo 
(b) Reaction Products 
Some samples turned the scintillator yellow and gave 
anomolously low counts. The occurrence of these did not 
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appear to depend on particular rlllS o It was found that 
the count could be increased by up to 150% and the colour 
removed by shaking vigorously with 40% (v/v) a~ueous ' 
hydrochloric acid t and then washing with dilute sodium 
hydroxide and water. Counts of normal samples were 
unchanged by this procedure. Although this treatment 
might be expected to remove some of the POPOP by protonation~ 
the count was unchanged by addition of a little POPOP to 
these solutions. 
~o~ (Or-/\ \.J---~ . ~~~. "=1_ 
1,4-bis-(2-(5-phenyloxazolyl»-benzene ('POPOpi) 
No impurity could be detected in the yellow solutions 
by N.M.R .. 
In some cases attempts were made to calibrate the 
efficiencies of the scintillator solutions by addition of 
a known amount of a solution of b10Wfl activity but this 
method involved considerably more labour, and usually did 
not improve the data. 
(a) Pnotomultfplier Tubes 
After a period of use the counting efficiency of the 
counter as measured by a standard sample showed a charac-
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teristic vwarm-upt curve. The counting efficiency 
increased vdth the activity of the counted sample ru1d 
required about an hour to reach its maximum value if the 
machine had been on, but not counting, for some timeG 
The decay curve was somewhat slower~ The change involved 
was up to 20% of the normal efficiency and was tentatively 
ascribed to the photomultiplier tubes$ 
To overcome this an initial warm-up period was allowed, 
the order of counting of samples. for each run was random-
ised and a standard sample was counted periodically during 
the counting of the run. A plot of efficiency against 
time was then constructed allowing corrections to be made. 
(b) Time Constants of Electronics 
The coincidence discriminating cOUl~ter used has 
several relevant time constants. The 'relaxation~ time 
of, th~ entire counting assembly was about 3 micro-seconds. 
The 'coincidence discrimination' time within which pulses 
were considered coincident was about 001 micro-second. 
A 'delayD time of 1 micro-second could be imposed on one 
input, thus ensuring only iaccidental° coincidences 
were counted as a check procedureo These times were 
measured using a double-pulse generator and oscilloscope. 
A correction for relaxation time was made by the least 
squares program, OLS, when the count-rates were being 
computed. (See page 49.) 
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(s) ~ 
As pentamethylbenzene reacts some one hundred and 
fifty million times faster than benzene it was necessary 
to use rather varied means of measuring the time at which 
po~nts were taken. For the very fast runs a "Minerva" 
stopwatch calibrated in tenths of a second was used, but 
the reading error was at least half a second. 
(6) Temperature 
Standard temperatures were determined using mercury 
in glass thermometers calibrated in tenths of a degree 
and standardised by the Dominion Physical Laboratory. 
The bath at 70.00e maintained its temperature to ±0.030e. 
The "Tempunit" maintained :to.osoe. 
coldbath maintained ±O.loe. 
The "Minus Seventyll 
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DATA PROCESSING 
(A) Computers 
An I System 360 computer using Fortran 44 programs 
wal.:! used to perfOl"lll. least squares analyseso Output was 
provided in card form to enable graphs to be plotted on 
an IH~ 1620 computer with a 1627 Plotter attachment. 
(B) Programs 
(i) Organic Least Squares (OLS) 
A general least squares procedure was used to obtain 
the rate-constants directly from the exponential decay 
curve of the radio-activity of the tritiated samples .. 
(1) Input Required 
Data was supplied in the following form. Observed 
count p count time, background count-rate, and reaction 
time for each point of a run. . For each run an approx-
imate rate constant and initial cOUllt-rate were also 
supplied .. 
(2) 
The program converted the reaction time to seconds 
from the optional hours, minutes, and seconds input. 
It calculated the count-rate for each point making correct-
ions for background, and assuming a relaxation time of 
3 micro-seconds for the counter. (see page 45) Each 
point was weighted according.to the equation: 
u ::: J cBltc + W2 QC~ 
Here CRis the count-rate, tc is the count time? and 
W is a constant. The first term represents the Poisson 
distribution error for the measurement of the count. 
The second represents a constant percentage error in 
obtaining the sample. W was usually taken as 0.014. 
(3) Screening of Data 
Occasionally a point will lie well off the line. 
This may be due to spillage, contamination leading to 
catalysis or quenching, or to errors in preparing ~he 
data. These points should clearly be left out of the 
analysis. After three cycles of refinement the deviations 
of points from the line were tested before each of the 
three subsequent cycles. Any points lying further than 
3.0 standard deviations from the line were given zero 
weight and the refinement continued allowing such points 
to re-enter the analysis if they passed the test at a 
later cycle. 
SOlle runs may show a gre~ter scatter than others, 
and this will be reflected in a high value for the 
estimated standard error of a point of unit weight if 
the weighting scheme is not adjusted. A good weighting 
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scheme is necessary for true predictions of parameters 
and errors, and is essential if a realistic decision on 
whether to ignore a data point is to be made. 
To allow for an incorrect ini tial estimate of W (and 
hence the weighting scheme) the program tested discarded 
points to see if they lay wi thin 6.00' of the line. 
If there were any such points, the analysis was repeated 
with W2 doubled in value. If necessary W2 could be 
doubled again. A complete set of possible weighting 
schemes is then available so that a decision on the 
homogeneity of the scatter of a run can be made, and 
parameter estimates using an appropriate value of Ware 
available. 
(4) Output 
The program prints out the parameters and estimated 
standard deviations, the corrected observed count-rates 
with their deviations from the observed values ,a..."ld the 
estimated standard error of a point of unit weight (which 
should be close to unity for a large n~ber of observa-
tions and the correct weighting scheme). computation 
time is 20 seconds to one minute depending on how many 
weighting schemes are tried. 
(5) General Least Squares Method 
This program was adapted from ORGLS59 , and uses the 
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general least squares refinemeni method 60 to adjust the 
values of the parameters of an arbitrary function. The 
adjustment proceeds so as to minimise the sum of the 
squares of the differences between the dependent variable 
values observed experimentally and the corresponding values 
calculated from the independent variableso A Taylor 
expansion about a point in parameter space is perfo~~ed 
to calculate the adjustments required for the parameters 
assuming linearity for small changes (ioe. higher order 
terms vanish). The new point is used to calculate 
further adjustments and the process repeated until 
convergence is reached. For very non-linear functions 
it may be essential to start with parameters very close 
to the true values o 
The general least squares method has the great 
advantage of working for any function but the disadvantage 
of requiring approximate values of the parameters. and 
the complication of being an iterative process. 
The function used was YCALC = P(l)*EXP(-P(2)*T) + pC,) 
where P(i) are the parameters which may be either varied 
or held constant. For the analysis of the radio-activity 
of the aliquot of tritiated hydrocarbon taken at time t 
from the reaction mixture, pC,) is the count-rate when T 
is large, (PCl) + pC,»~ is the count-rate at t = 0, P(2) is 
the rate-constant and YCALC is the count-rate at t =T. 
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(The same equation may be used for following ~appearance 
of product' kinetics~) 
(ii) Stepwise t'.'Iv~ tiple Regression (STEPRl 
This program was taken from the I Soientific 
Subroutines Package61 with few modifioations. A regress-
ion analysis is performed on a linear funotion by a step-
wise procedure, adding one independent variable at a time. 
The result is a sequence of least squares fits of the 
Ns 
observed data to the funotion Y = t BiQ~ where Biare 
the regression ooefficients (i)~ and are the independent 
variables ohosen in order to give the best fit at eaoh 
step as N". increases by unit inorements to the number 
;:) 
of variables required. It is thus possible to assess 
the significanoe of eaoh independent variable brought 
into the analYSiSe,62,63 
(iii) Graph Plotting Subroutines 
Two subroutines (PLOTQ oalls QGRAF) were written 
to plot the result of a least squar'es regression. When 
STEPR oompleted an ffiialysis PLOTQ was oalled and read 
title and dimension defining cl.;'trds for the graph. It 
then oalled QGRAF which used FLOTA64 subroutines to 
" 
oons-:t;ruot oondensed output suitable for'direot use by 
the IHIU: 1620 and PLOTTER .. The resultant graph fits a 
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quarto page, is accurate to O.Olin, has titles centred, 
and can plot points, a straight line, or a curve.' 1620 
input is usually four cards with drawing-time about two 
minutes per graphQ 
A small 'stand-alone' program was also written to 
accept all data for QGRAF in card form. Six cards is 
the complete input required for a graph of eight points 
and a straight line.' 
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(c) Example of Use of OLS 
The following is an example of the way in which the 
rate-constants for detritiation were derived from the raw 
data. 
(i) Input _Data 
4-H3-hemimellitene (2Omg) was placed in trifluoroacetic 
acid (10ml, 70.00 C) in a lOml flask which was stoppered and 
shaken. Nine aliquots were taken as described earlier 
(page 42), and the following results were punched on cards 
for processing by OLS. 
Aliguot Time guenched Count Count Time ]ackground 
(hrs) {min) (sec) (sec) Count Rate (c/s) 
1 0 0 35326 10 0.84 
2 1 08 122779 40 0.84 
3 2 21 26697 10 0 .. 84 
4 3 34 21850 10 01184 
5 5 15 35140 20 0.84 
6 7 33 37529 30 0.84 
7 11 28 30026 40 0 .. 84 
8 17 08 14630 40 0.84 
9 12 35 5380 100 0 .. 84 
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computer Output Produced by OLS 
A.L. WILKINSON HYDROGEN EXCHANGE KINETICS 4-T-HEMIMELLITENE 
RUN 50 
NUMBER OF CYCLES IN THIS JOB IS 6 
NUMBER OF PARAMETERS TO BE VARIED IS ;5 
NUMBER OF INDEPENDENT VARIABLES PER OBSERVATION IS 5 
VALUE OF 'VEIGHTING CONSTANT IS 0.002 
DERIVATIVES PROGbUlliill[ED BY USER 
WEIGHTS TO BE SUPPLIED BY USER 
PARAMETERS TO BE READ AS INPUT DATA 
CORRECTED PARAMETERS NOT TO BE SAVED FOR LATER USE 
NUMBER OF PARAMETERS READ IS ;5 
NUMBER OF OBSERVATIONS IS 9 
INPUT DATA 
I P(I) KI(I) DP(I) 
1 0.3532E 04 1 0.0 
2 0.2300E-02 1 0,,0 
3 0.0 1 0.0 
AGREEMENT FACTORS BASED ON PARAMETERS BEFORE CYCLE 3 
SUIvI(W*(0-C)**2) IS 0.723E 00 
SQRTF(SU\\~(W*(0-C)J,t*2)/(NO-NV)) IS 0.3470 
PARAIVIETERS AFTER LEAST SQUARES CYCLE :; 
1 
2 
3 
OLD CHANGE 
0.3580E 04 -.1387E-02 
0.2374E-02 -.1230E-08 
0.5297E 02 -.2937E-05 
NEW 
0,,3580E 04 
0.2374E-02 
0.5297E 92 
ERROR 
0.3062E 02 
0.1888E-04 
0.8592E 00 
ESTIMATED AGREEMENT FACTORS BASED ON PARAMETERS AFTER CYCLE 3 
SUM(W*(0-C)**2) IS 0.723E 00 
SQRTF(SUM(W* (0-C)**2)/(NO-NV)) IS 0.3470 
CALCULATED Y BASED ON PARAMETERS BEFORE CYCLE 4 
Y(OBS) Y(CALC) OBS-CALC SIG(O) (O-C)/ X(l) CT. TIME BKGRD 
SIG(O) 
3097.02 3099.01 -1.98 138.78 -0.01 68. 40.0 0.84 
3569.39 3632.68 -63.28 160.74 -0.39 O. 10.0 0.84 
2690.32 2614.32 76.00 121.42 0.62 14·1. 10.0 0.84 
2198.52 2206.76 -8.23 99.43 -0.08 214. 10.0 0.84 
1765.44 1747.57 17.87 79.51 0.22 315. 20.0 0.84 
1254.83 1274.15 -19.32 56.48 ... 0.34 453. 30.0 0.84 
751.50 751.98 -0.48 . 33.88 -0.01 688. 40.0 0.84 
365.31 364.80 0.50 16.61 0.03 1028. 40.0 0.84 
52.96 52.96 0.00 2.47 0.00 45300. 100.0 0.84 
SUBROUTINE TEST INDICATES THAT JOB IS TO BE TERMINATED FOR 
REASON 1 
CORRELATION MATRIX 
1 1.0000 0.7310 0.0012 
2 0.0 
3 0.0 
1.0000 0.1178 
0.0 1.0000 
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(1i) Explanation of outpu~ 
The number of independent variables, shown as 5, 
includes the three input variables expressing time in the 
optional hours, minutes, and seconds, the background count-
rate, the count time, and an optional variable for an 
estimated standard error for each observation. (The last 
is redundant here because these weights are calculated. by 
the program as described previously. 
constant of 0'.002 is W2 (page 49).) 
The weighting 
Kl(l) = 1 shows that the lth parameter, P(l), is to 
be varied. DP(l) is the increment to be used if parameter 
derivatives are to be obtained numerically, and is redundant 
here. 
Fortran S;y;rnbo,l 
2.0E-02 
W*(0-C)**2 
Symbol 
NO 
NY 
W 
ERROR 
Y(ore), ore, 0 
YCALC, CALC, C 
Al~ebraic Equivalent 
2 x 10-2 
W. (O-C) 2 
Meanin~ 
number of observations 
number of parameters varied =3 
weigh t = 1/ ci 
estimated standard errors of 
parameter estimates 
observed count-rate (after correct-
ions for background and relaxation 
time) 
calculated count-rate (from quench-
ing time and parameters) 
Symbol 
SIG(O) 
X(I) 
Mea..l1ing 
standard error of observed count-rate 
quenching time (sec) 
count time (sec) 
background count-rate (c/s) 
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CT. TIME 
BKGRD 
REASON 1 the refinement has converged and no poi::,'. 
have been discarded 
REASON 2 
REASON 3 
the refinement has converged and there 
are no discarded points close enough to 
the predicted values to warrant incr~as~ 
ing W2 
W2 has been doubled twice. 
SQRTF(SUM(W*(0-C)**2)/(NO-NV~ is the estimated 
standard deviation of a point of unit weight. The va.lue 
here of 0.347 is exceptionally and fortuitously low for 
this value of W2• 
The effect of cycle 3 on the parameters is shown and 
the changes are very small. In, conjunction with the lack 
of change in the agreement factors this shows that 
convergence has been achieved. 
The Correlation Matrix consists of the estimated 
covariances of the parameters. (Pij~l) 
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(D) Example of Use ofSTEPR 
(i) Input for STEPR 
The use of program STEPR is illustrated by the simple 
:; :t:. problem of finding the least squares values of ~H and6S 
. from Arrhenius plots .. For 4-H3-isodurene the following 
measurements were made and punched on cards as input for 
STEFR. 
k x 103 
a (j"k x 103 
-L. 
(sec-l ) (sec-l ) (00) 
3.21 0.16 13.1 
4.17 0.11 1692 
14920 0.70 30.0 
29.70 0.90 40 .. 0 
(a) Estimated by OLS, see Table 2. 
A preliminary subroutine (DATA) was used to calculate 
the following variables. 
x3 :::: TABS :::: To -r 273.15 C 
x4 :::: l/TABS :::: 1/x3 
x5 :::: R.loge(kh!kT) :::: 1 .. 9862 10ge(xlox4 / (2 .. 0836 x 1010)) 
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The regression analysis of x5 on x4 yields slope 
-~* and intercept ~S* while the analysis of x6 on x3 yields 
slope ~S* and intercept -tiH *. These two analyses were 
performed as 'selections 9 one and two respectively~ and the 
computer output is reproduced on the following pages. 
This problem in a sense is a trivial case for the stepwise 
procedure, as only one variable needs to be introduced in 
each selection. 
Graph dimensions were also supplied for the attached 
QGRAF subroutine which used the table of residuals 
calculated by STEPR to construct the graphs shown in 
Appendix A. 
Example of OLltpUt Produced by STEPR 
STEP-WISE MULTIPLE REGRESSION •••••• T-ISOD 
NUMBER OF OBSERVATIONS 4 
NUMBER OF VARIABLES 6 
NUMBER OF SELECTIONS 2 
CONSTANT TO LIMIT VARIABLES 0.0 
VARIABLE MEAN STANDARD 
NO. DEVIATION 
1 0.12770E ... Ol 0.12295E-Ol 
2 0.45500E-03 Ofo/38388E-03 
3 0.29797E 03 0.12502E 02 
4 0.33604E ... 02 0.13971E-03 
5 -OQ67944E 02 0.19903E 01 
6 
-0.20227E 05 0.25156E 03 
CORRELATION MATRIX 
ROW 1 
1.00000 0.95773 0.97484 -0.96994 
E.OW 2 
0.95773 1.00000 0.98598 -0 .. 98576 
ROW 3 
0 .. 97484 0.98598 1.00000 -0.99978 
ROW 4 
... 0.96994 ... 0.98576 ... 0.99978 1,,00000 
ROW 5 
0.96672 0.98748 0.99939 ... 0.99985 
ROW 6 
.. 0.98093 -0.98021 .... 0.99916 0.99834 
0.96672 
0.98748 
0.99939 
-0.99985 
1.00000 
-0.99724 
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-0.98093 
.... 0.98021 
... 0.99916 
0.999834 
.... 0.99724 
1.00000 
SELECTION ••••• 1 
DEPENDENT VARIABLE •••••••••••• 5 
NUMBER OF VARIABLES FORCED ..... 1 
NUMBER OF VARIABLES DELETED... 4 
STEP 1 
VARIABLE ENTERED •• <I <I <I 4 
(FORCED VARIABLE) 
SUM OF SQUARES REDUCED IN THIS STEP .... 0 .. 11SSE 02 
PROPORTION REDUCED IN THIS STEP •••••••• 1.000 
CUMULATIVE SUM OF SQUARES REDUCED •••••• 0.11S79SE 02 
" CUMULATIVE PROPORTION REDUCED •••••• <I • .. • 0.9997 OF 
0.11SS33E 02 
FOR 1 VARIABLES ENTERED 
MULTIPLE CORRELATION COEFFICIENT... 1.000 
(ADJUSTED FOR D.F.) •••••••••••• 9999E 00 
F-VALUE FOR ANALYSIS OF VARIANCE ••• 6764.527 
STANDARD ERROR OF ESTIMATE •••••••••• 4191E-Ol 
(ADJUSTED FOR D.F.) •••••••••••• 4191E-Ol 
VARIABLE REGRESSION 
NUMBER COEFFICIENT 
STD. ERROR OF 
REG .. COEFF. 
COMPUTED 
T-VALUE 
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.4 -0.14243E 05 0.1731SE 03 -0.S225E 02 
INTERCEPT -0.200SOE 02 
SELECTION ••••• 1 
TABLE OF RESIDUALS 
CASE NO. Y VALUE Y ESTll'[ATE 
1 ... 0.69333E 02 -Oo69306E 02 
2 -0.69831E 02 -0.69839E 02 
3 -0.65591E 02 -0.65565E 02 
4 ';;'0.67020E 02 -0.67065E 02 
SELECTION ...... 2 
DEPENDENT VARIABLE •••••••••••• 6 
NUMBER OF VARIABLES FORCED •••• 1 
NUMBER OF VARIABLES DELETED... 8 
STEP 1 
VARIABLE ENTERED....... 3 
(FORCED VARIABLE) 
RESIDUAL 
-0.27039E-Ol 
0.78125E-02 
-0.25925E-Ol 
0.45135E-Ol 
SUM OF SQUARES REDUCED IN THIS STEP •••• 0.1895E 06 
PROPORTION REDUCED IN THIS STEP •••••••• 0.998 
CUMULATIVE SUM OF SQUARES REDUCED •••••• 0.189528E 06 
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CUMULATIVE PROPORTION REDUCED •••••••••• 0.9983 OF 
0.189848E 06 
FOR 1 VARIABLES ENTERED 
MULTIPLE CORRELATION COEFFICIENT... 0.999 
(ADJUSTED FOR D.F.) .............. 9992E 00 
F-VALUE FOR ~~ALYSIS OF VARIANCE ••• 1187.335 
STANDARD ERROR OF ESTIMATE •••••••••• 1263E 02 
(ADJUSTED FOR D.F.) •••••••••••• 1263E 02 
VARIABLE 
NUMBER 
3 
INTERCEPT 
REGRESSION 
COEFFICIENT 
-0.20104E 02 
... 0.14236E 05 
STD"ERROR OF 
REG" COEFF. 
0.58344E 00 
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COMPUTED 
T-VALUE 
-0.3446E 02 
SELECTION ••••• 2 
TABLE OF RESIDUALS 
CASE NO. Y VALUE Y ESTIMATE RESIDUAL 
1 -O.20062E 05 -0.20053E 05 -0.80234E 01 
2 -O.19989E 05 -0.19991E 05 O.19609E 01 
3 -0.20540E 05 -0.20532E 05 -0.77578E 01 
4 -0.20317E 05 -O.20331E 05 0.13805E 02 
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(ii) Explanatio~ of STEPR Output 
The regression method is the abbreviated Doolittle 
Method, 62 and constructs a correlation matrix containing 
as many independent variables as the user may wish to test. 
From these a 'selection' is made which must contain fewer 
than (n-l) variables if there are n observations. The 
selected variables can be divided into two categories, 
forced, and unforced. The step-wise analysis then proceeds, 
selecting and evaluating one variable at a time until the 
first category has been exhausted. Variables from the 
second category then become eligible for entry into the 
regression, which continues until the proportion of sums 
of squares reduced in a step falls below a value supplied 
and designated tCONSTANT TO LIMIT VARIABLES'. If, as here, 
this is zero, the analysis is completed when all the select-
ed variables have entered the regression. As many 
different selections may be made as desired to test 
alternative hypotheses, and there is no need to recalculate 
the correlation matrix each time. Within the categories, 
variables are chosen in an order defined by their ability 
to reduce the deviations from the regression line. 
CORRELATION MATRIX - the elements Cjk'are of the form: 
Cjk :::: (ajk)/(ajj.~) t 
n 
where a jk :::: (Xjo.~o - ij.~)' and the sum is taken 
0 the n observations. 
over 
66 
The 'MULTIPLE CORRELATION COEFFICIENT' has the value 
R =~PCUM where pctm[ is the cumulative proportion of squares 
, 
reduoed. 
The 'ANUSTMENT FOR DEGREES OF FREEDOM' takes the form: 
for k independent variables in regression. 
'F-VALUE' takes the form: 
. 
F = (Scm~/k) / (S~UM/(n-k-l)) 
where S~UM,iS the residual sum of squares after k variables 
have been entered. This value can be used in the F-test 
for significance of the correlation. 
The t STANDARD ERROR OF ESTIMATE' is calculated as 
The value 'ADJUSTED FOR DEGREES OF FREEDOM' is 
The. 'REGRESSION COEFFICIENT' of 'VARIABLE 4' corresponds 
* to ~H • 
The 'T-VALUE' calculated as the ratio of the regression 
coefficient to its error, can be used to test the signifi-
cance of each variable. 
The 'INTERCEPT' corresponds to ~S*. 
RESULTS. 
(A) Eates of Detritiation 
Eighty-four kinetic runs were performed on the 
tritiated polymethylbenzenes and results are shown in 
the following tables. Table 2 lists the rate-constant 
and standard error for each run as calculated by OLS 
(page 48). For each compound rate-constants, 
estimated ~tandard errors of the means, and values 
previously reported in the literature are shown in 
Table :3 .. 
Temperature Extrapolation 
The values for the rate-constants for 6-H3-pentamethyl-
benzene and 4-H3-isodurene at 70.0°0 were obtained by 
extrapolation from temperature ranges of 10"'30°0 and 
13-40°0 respectively. For comparison, Arrhenius plots 
were also determined for 3- and5-H3-pseudocumenese 
The regression line of the variable E.ln(k£l1s.T) (where 
R, h, 
- -
are the gas, Plank's and Boltzmann's constants, 
respectively, T is the absolute temperature, and k is 
the rate-constant) on the variable lIT Yi~~dS a line of 
slope ~H* and intercept ~S* if the absoluif~ theory is 
j 
assumed. The estimated standard errors for~H* and 
for the deviation of the eXperimental points from the 
best line are also calculated. 
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From the absolute rate theory the simplified equation 
k = (lcT/h)oe-(6nt- _TLJ.S:f )/RT may then be used to calculate 
o the rate-constant at 70.0 c. The standard error of this 
prediction may be regarded as due to the propagation of 
two independent errors.65 
(1) :E!rror of v 
" 
If the line y = fiX + 0 is being fitted to a set of 
observations, Yi (i = l, •• ,n), and their set of corres-
ponding independent variables, xi (i = 1, .;. tn) 'I then the 
least squares prooess adjusts 0 so that 
through CXtY) where i is the mean value 
the line passes 
1 n 
of x. (- ~ x.) I' ~ n. 1 ~ ~= 
and y is the mean value of Yi - If the experimental 
standard error of the points is ay (the error in the 
measurement of x is small) then the standard error of 
the estimate of Y is (~~n)t. 
(2) Error of m 
vVhen the oalculated value of m for the set of n 
observations is used to prediot a value Yr for a given 
xI' then the error due to the extrapolation is ~mlx-xrl 
where O"m is the standard error of the estimate of the 
slope, (m) ~ 
The resultant standard error of the predioted value 
of Y (Yr = Y + m(xr-x)) is given by 
e.g. for the pentamethy1benzene calculation n = 5, 
ay = 0.0728, am = a~H* = 268, x = 0.003456. Hence f'or 
/ -1 = 1 343.15 degrees , aR In(k ) = 
• 343.15 
0.142, and so 
Values of the enthalpies and entropies of' activation 
are shovm in Table 4. The Arrhenius plots are shown 
in Appendix A. 
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.~rif1uoroacetic Acid 
a Tb 
-2:.k 
(°0) 
H)-benzene ( ) .... 68 00 55 ) x 10-9 
( 6,,17 0 0 71 ) x 10-9 
o-E)-toluene ( 1 .. 88) 0.,042 ) x 10-6 
( 1 .. 946 0 .. 036 ) x 10-6 
( 1 .. 91 0 .. 12 ) x 10-6 
m-H)-to1uene ( 4 .. 75 0,,11 ) x 10-8 
( 5034 0,,15 ) x 10-8 
( 6,,50 0,,13 ) x 10-8 
( 6 .. 88 01146 ) x 10-8 
P-H3-t01uene ( 4 .. 206 0,,027 ) x 10-6 
( 40008 0 .. 045 ) x 10 ... 6 
( 4,,036 0,,092 ) x 10-6 
r: ( 4 .. 044 0,,049 ) x 10"'0 
( 3,,981 0 .. 041 ) x 10-6 
( 4 .. 212 00028 ) 10-6 x _ 
( 3,,817 0",039 ) x 10-6 
( 4 0 059 0 .. 051 ) x 10-6 
3-H3-o-xy1ene ( 1,,302 00033 ) x 10-5 
( 111241 0,,029 ) x 5 
( 1..251 0,,011 ) x 10-5 
a, b see 73 
7 
c, 
2 (continued) 
Compo-cmd k I ~·1 
-
\ sec 2. 
(oe) 
3-H)-o-xylene ( 1,,388 0,,025 ) x 10~5 
(continued) ( 10120 0,,012 ) x 10-5 
4-H' -o-:1.."Ylene ( 11)857 0,,015 ) x 10-5 
( 10813 0,,017 ) x 10-5 
( 1,,846 00019 ) .=h x 10 ,.) 
( 1..737 0,,026 ) x 10-5 
2-H)-m-xylene ( 3,.72 0,,09 ) x 10-4 
( 3 0 66 0 .. 05 ) x 10-4 
( 3058 0,,09 ) ·x 10-4 
4-H3 -m-:1."Y1ene ( 6 0 89 0 0 38 ) x 10~·4 
( 7",64 0009 ) x 10-4 
5-H3-m-xylene ( 4,,22 0~10 ) 1 ,-7 x 0 
( 4039 OG14 ) x 10~7 , 
( 41)18 0,,14 ) x 10-7 
2-H3 .... p .... xy1ene ( 10393 0,,018 ) x 10--5 
( 10539 0,,027 ) x 10-5 
( 1 0 607 0 0 016 ) x 10'=5 
( 10428 0,,021 ) "- ') x 10 ~ 
7! 
x 10""" 4-H:J-h.emimel1i ( 2,,374 0 0 019 ) 
( 2,,479 0",050 ) x 10-3 
I' 2,,362 0<1>010 ) x 10-3 • 
" 
( 20371 0,,020 ) x 10-3 
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(oontinued) 
COmpOl)~ld k a b (J' 
-k (on\ 
v) 
. 5-H3-hemimellitene ( 8056 0,,10 '\ x 10-5 ) 
( 7 .. 59 0,,06 ) x 10 .. Ell? 
( 80166 0~17 ) x 10-5 
( 8.10 OOl10 ) -I=) x 10 -
3-H3-pseudoournene 
~, 
( 1.601 00049 ) x 10-) 
( 'Z 1 .. 533 0 0 020 ) x 10-.-' 
( 1 .. 547 0 .. 030 '\ x 10-3 ) 
( 3 .. 39 O"O'-~ ) x 10-4 50$0 
( 5G30 0 .. 09 ) x 10-5 29 .. 8 
5-H3_pseudocw~ene 7 ( 2 ... 70 0,,08 ) x 10- j 
( 2 .. 622 0 .. 036 ) --::s x 10 -
'7 
( 20789 01'1028 ) x 10-) 
( 2'\1867 0,,026 ) x 10-3 
( 20726 0 .. 035 ) x 10-3 
( 6 41 02 0 .. 035 ) x 10-4 50 .. 0 
( 1 0 018 0,,026 ) x 10-4 29 .. 8 
6-H3_pseudoc~unene ( 7,,24 0<;) ). . -5 x 10 
( 8,,46 0,,09 ) x 10 -5 
( 8 .. 08 0 .. 04 ) x 10-5 
( 8~07 0@09 ) x 10-5 
( 6 0 73 0,,13 ) x 10 -5 
( 7083 0,,06 ) x 10-5 
( 8 .. 77 0022 \ x 10-5 ) 
( 7.64 0,,20 ) -5 x 10 . 
( 7,,08 O.d9 ) x 10-5 
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TABLE 2 (continued) 
11: (jB. 
-Ie 
2-H3 .... mesity1ene ( 7022 0014· ) 
( 6 0 93 0020 ) 
( 6 0 88 0 0 13 ) 
( 6.01 0,,14 ) . 
5-H3-prehnitene ( 1 .. 17 0011 ) 
( 1,,11 0.07 ) 
4-H3-isodurene ( 3 .. 21 0016 ) 
( 4-017 0 .. 11 ) 
( 1,,42 OQ07 ) 
( 2.97 0 0 09 ) 
?: 
3-H':'>-durene ( 7Q51 OQ36 ) 
( 7.23 0 0 22 ) 
6-H3-penta;ethyl- ( 8.34 0024 ) 
benzene ( 7099 01128 ) 
( 8917 0 .. 33 ) 
( 4 .. 35 0,,12 ) 
( 4 .. 58 0 .. 26 ) 
(a) standard error of the estimate 
by the least squares program OLS. 
(b) Temperature of lneasuremento 
otherwise statedo) 
b 
(°0) 
x 
x 
X 
x 10-2 
x 10~·2 
x 
x 13.1 
X 16.2 
x 30.0 
10 -2 40.0 
x 10 .. ·3 
... ?: 
x 10 ./ 
x 10-3 9,,8 
';~ 
908 x .; 
x 10-3 908 
x 10-2 30,,0 
x 10-2 30.0 
k as calculated 
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--L a a lit~ 
H3=benzene ( ) _0 409 1<12 9 .. 5 x 10 .:; 
o-H3-toluene 
I' 'I! • i"-' 
x 10-6 ( •. r.: 00033 2(108 ) L}89o 
m-H3-toluene ( 5 .. 87 0@50 5077 ) ~,. ., 0-8 ~'I. J.. 
p-H 3.". to lU8lle ( 4,,078 00035 4027 ) -6 x 10 
3 "-,,H'-o-xylene ( 10260 0,,043 1 .. 27 ) x 
4-H3"",o-xylel1e ( 1.813 0 .. 015 L,80 ) x 10-5 
2-H3 ... m-xylene ( 3 0 65, 0.041 3Q78 ) x 10-4 
3 4-H -m-xylene ( 7027 0 ... 38 7650 ) x 10"'4 
5-H'-m-xy1ene ( 4$263 0,,065 ) X 10-7 
3 2 ... H -p-xylene ( 10492 0,,049 1,,39 ) x 10-5 
4 .... H3-hemimellitene ( 2 .. 396 0,,028 ) x 10 .... 3 
5-H3-hemime11itene ( 8,,23 0025 ) x 10-5 
3-H'-pseudocumene ( 560 0 .. 021 ) :;:c 10-3 
5-H3-pseudocumene ( 20731 0",040 ) x 
3 6-H -pseudoctunene ( 7Q77 00 22 ) x 10-5 
2 ... H3 ... mesitYlene ( 6",76 00 26 .' ) X 10-2 
5-H3-prelmitene ( 1014 01105 ) . "0-2 X J. 
4-H3-isodm .... ene ( 2045b 00096° ) X 
3""I{3;"'durene ( 7 .. 37 0~14 ) x 10-3 
6-H3-pentamethy1- ( 7 .. 02b OG52c ) x 10-1 
benzcne 
(a) deviation of the estimate of the mean (fc)v 
::: ( tl where s the estimated starJ.dard 
deviation of the measuremelr'vs> 
s = 
75 
Hence co~non formula: 
n 2 
ax = (i~l(x~xi) /(n(n-l»)) G 
(b) Calculat from Arrhenius PlotQ (See 67.) 
(0) See 
(d) See References 105.106.30.81 and 107 
TABLE 4 
c 
3=H 
3=pseudocumene 
4=H3_i 
6-H 3= pente,methyl= 
b.H* 
,,78 
16076 
16.32 
16 .. 31 
,,24, 
l lL,2l{, 
13" 
13 .. 61 
_crLlR~ 
e) (eQuO )c 
O. 0 0 071 
0.17 0,,063 
0 0 17 00 
0 0 27 OQ073 
(a) each compound line 1s the 
e.gainst liT; e line 1s the result 
b ~S* 0f1 Sit; cr b 
( e" u., ) (eou.) (cal/mole) 
-22.72 
-22.72 0.65 23.0 
-22.95 
-22.98 0.56 22.0 
-20.,08 
-20.10 0.58 13~O 
~19083 
-19.83 0.90 21cO 
of a plot R.1n(kh) 
a. plot; of RT" 1n( lth) against 
T. case a error is obtained for slope of the 1 
p not for intercept. 
(b) " 1,. ) 
-U.. 
are 
corresponding .l.1nes. 
(c) 12ntropy ts are s. .mole-1 t 
See also 83. 156. 
devl ons of the 
'" "" 
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The N .oR" spectra of the pol;ymethyl benzenes WG'j::e 
recorded using both CC14 a::.'ld n-hexan8 as solvents" 
Solutions of aromatics (6%, v/v)~ containing tram.e thyl silane 
as an internal reference~ were studied using the Vari&~ A60 
spectrometer" Chemical shifts are tabulated below:; 
together with literature values" 
TABLE 5 
Chemica1 Shifts Relative to ToM. SofaI' Ring Pro~oIls of th£ 
PolY1l1eth;v:l benzenes 
ICOI Lj, tere.tu:r. ... !;';l 
-4 
Methyl Grou'Qs (ppm) (a) (b) .(ppm) I. _#( 0014 n~hexan .. 
2.,73 2073 2078 2,,78 -0 .. 
2091 2090 2093 2,,93 -0<>02 
1~2c 3,,03 2099 3,,03 3,,03 000 
1,3c 3,,13 3 .. 3012 3,,11 0,,02 
1~4 3,,05 3.05 ) .. 06 3,,07 -0,,02 
1,29 3,,14 
" 
3 .. 
-0" 
1,2,4 c 3,,18 3,,17 3" 0 41 01 
193~5 3033 3036 3033 3,,32 0.01 
19 2 9 3,4- 3,,26 3,,23 0,,03 
1~2,3~5 3033 3030 0,,03 
1,2 4,,5 3,,25 3026 3 .. 23 0,,02 
1?2~3~495 3,,34 3 .. 32 3,,30 O"O~" 
(a) Reference 40 , 2" 51b 0014" 
(b) Reference 39 >' 2-3% in 0014" 
(c) Value largest peak.;) 
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"t 
".9014 
Methyl Groups (ppm) (ppm) (ppm) "'? (a) (b) I C014 
70 67(5) 7<)63 7<1>73 7 .. 71(5) ~0 .. 04 
2 7.,78 7,,75 7,,82 7081 -0,,03 
3 7.72(5) 7<170 7<>77 7075 -0,,02(5) 
L~ 7 .. 72(5) 7,,71 7",78 7076(5) -0004 
2,3 7 .. 76 7 .. 82 7079 -0,,03 
2,6 70 87 7 .. 93 7089 -0,,02 
2,4 71)82 7.86 7 .. 84 -0,,02 
2~5 7,,82 7 .. 86 7 .. 84 -0 .. 02 
3,4 7,,77 7. 7 .. 79 -0.02 
3:15 7077(5) 7,,75 7., 7~79 -0,,01(5) 
2~3~4 7079 7",81 -0 .. 02 
2,3~6 7 .. 86 7 .. 86(5) -0,,00(5) 
2,3,5 7", 7,,81(5) ~0,,00(5) 
2,4,6 7,,91(5) 7,,92(5) -0 .. 01 
3 v4,5 7.81 7 .. 81(5) -0 .. 00(5) 
2,4;>5 7 .. 86 7.85 7087(5) -0 .. 01(5) 
2,3,4>15 7,,82(5) 7.82 7,,84- -0 .. 01(5) 
2,3,4:;06 7 .. 87(5) 7.87 7 .. 87 -0 .. 00(5) 
2~3,5,6 7.82(5) 7.82 7084 -0 .. 01(5) 
, 
2~3,4$'5?6 7.83 7.83 7.,85 ... 0 .. 02 
( a) Refer'ence 41 
(b) Reference 39 
(0) J1!:scussion of MeasuJ. ... ements 
(i) Eates of Detritiation 
3 (1) H -ben7Jene 
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~lis value represents a half life of about fov~and 
a half years~ and substantially smaller than the value 
obtained by Baker and Eaborn.66 Two runs were conducted 
over a period of a year, but in both the first three points 
showed increasing count-rates when the runs,were eventually 
counted. This was at first attributed to 'loss of bel;l.zene 
from the toluene scintillator solution during the prolonged 
storage~ as no excessive quenching of these solutions could 
be detected. However, two more runs, over a period of 
two months, with a new batch of both hydrooarbon and acid 
showed much the same behaviour. The large difference 
between the rate-constants obtained from the remaining eight 
months of the first two runs (even when the large errors 
of the estimates are considered), appear to indicate an 
exoeptional sensitivity to impurities, perhaps not 
surprising in view of the extreme slowness of reaction. 
investigations of catalysts in this medium 67 have not 
yet shown any that slow the reaction when present in'trace 
quantities, it would appear likely that the larger values 
are in error'. No discussion of errors and experimental 
difficulties is available from earlier work. 
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The value adopted is the average of the rate-constants 
obtained from the first two runs, neglecting the first 
three points of each. 
(2) m-H3 ... toluene 
-
To a lesser extent the problems of measuring slow 
reactions were also encountered for m-H3-toluene. 
However, here the reaction was observed for over one 
half-life with a consequent improvement in accuracy. 
Low activities of early samples were not observed for 
m-H3-toluene. Once again the large variation between runs 
is reflected in a large estimated standard error. 
(3) 6-H3-pseudocumene 
Nine runs were conducted for 6-H3-pseudocumene as 
considerable variation was observed in the first few 
results. The resulting mean should be a reliable value. 
(4) 5-H3-prehnitene 
Low activity of the tritiated hydrocarbon made 
measurement of this rate-constant difficult. 
of this error may be too low. 
(5) 6-H3 ... pentameth;y:lbenzene 
The estimate 
This error may be over-estimated. Although the 
Arrhenius plot was necessarily conducted over a narrow 
temperature range, the parameters compare well with those 
of other compounds. (Table 4) See also page 85. 
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(ii) Nuclear Magnetic Resonance Spectra 
It is estimated that the error of each peak measurement 
. is less than 0.01 ppm for all peaks except for the smallest 
methyl peak of pentamethylbenzene which is rather broader 
than the others. The measurements are therefore expected 
to show a standard deviation of about 0.005 ppm due to 
experimental error. 
The assignments of the methyl peaks are discussed 
later (page 144). 
DISCUSSION OF RESULTS 
(A) Detritiation Results 
(i) Arrhenius Parameters 
(1) Determination of the Arrhenius Parameters 
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The measurement of the temperature dependence of thE 
rate-constants for detritiation of four of the polymethylbenzenes 
was described. earlier (page 67). The activation enthalpies 
(!.::J1*) and entropies <b.S*) were derived and are shown in) Table 4" 
Their values rely on the usual assumption that the heat 
capacity of activation is zero. 
Temperature dependence of ~Cp has been demonstrated for 
several reactions, but is thought likely to be small for 
proton transfer processes.68 If this is true the free energy 
of activation can be expressed in terms of two temperature 
invariant functions 
b.G* = ~H* - ms* 
so that these can be obtained directly from the temperature 
dependence of the rate-constants using the absolute theory 
relationship 17 
logek = loge (kT/h) -b.G*/RT 
where partition functions, quantum-mechanical tunnelling ~d 
transmission factors have been ignored. 69 •70 The symbols 
8) 
. have been defined earlier (page 67). The equation for 
the error of the estimate of ~G* at an extrapolated 
temperature was also given (page 69), but for the purposes 
of the next section a more detailed examination of the 
dependence of the error of ~H* on the error of ~s* is required. 
where x,y are dependent 
variables and l, •• ,i, •• ,n are observations are used to 
obtain parameter estimates a and b by the method of least 
squares for the relation 
y ::: a + bx 
then a ::: y - bx where (x, y) is the 
centroid of the data set. 
Also the variances of these estimates are 
V(b) ::: (;(2/ 
where cl 
n . 
- 2 :::E(Xi -x) 
2 
::: a'b 
::: (]"2 
a 
Now the "covariancen of a and b is defined as the average 
value of the function (a_at)(b_bt ) where at and bt are the 
tttrue it values of the estimated quantities a and b. 60 
. . 
, n . 
Cov(ab) ::: ~x/ [2: (xi -i)2] 
= x • V(b) 
where P ab " 1 is the 
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"correlation coefficient" usually supplied as an element of 
a "correlation matrix" in least squares computer program 
outputs.] 
(2) Isokinetic Relationship 
For substituted molecules undergoing a given reaction 
.it has been shown theoretically t~~t the assumPtion~c~ == 0 
leads to a linear relationship between LlH* and ~ S* for 
substituents with only a single mechanism of interactionf9 
Many examples of this behaviour have been observed,71 
but caution in interpreting the results is necessary. As 
was showll in the preceding section "a == y-bx" is a fundamental 
least squares condition. Therefore, any error in "b" will 
appear in the estimate of "a" multiplied by the factor (-x). 
(This relation is also suggested by the formula for the 
covariance of a and b.) Application of this result to a 
plot of LlH* against ~S*shows that a series of determinations 
having the same random errors will result in a straight line:-
~H* == T Ll S* + constant 
Random experimental errors can therefore account for "isokinetic n 
lines with slope close to the average experimental 
temperature ('T) for a series with a small spread of reactivities 
and a range of parameter values which is small compared 
with their estimated errors.72 
The plot of~H* v. LlS* for detritiation is shown on 
page 85. 
gave 
8Si011 line 
f:J. H* ::: + rs* 2 
8 .. e .. :::: 0,,66 (kcal/mole). T'ne m1"U tiple correlat:l.on 
vvas 0,,981,. 
The coefficient ~l has been called the isokinetic 
since the relationship ~r!1"01 ies that T :;:; [31 s 
f:J.G~ :::: ~2 for all the compounds of the series~ which 
same rate-constant. The obse:rved 
very u.nusual G In an early on by 
73 values ranging from +70 "" +13200K were obtained 
for 79 reaction series .. ' 
17 
...... 
W 16 
.~l 
a 
:a 
..... 
..J 
« 
V_~I 
15 ~ 
...... 
14 
The positive values were rationalised 
FIGURE 
(CALI 
10., 
BARS SHOW ONE 
STAN DARD ERROR 
-19 
ISOt<INETIC RELATIONSHIP IN ION , , 
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by arguing that substi tuents which de'crease the activation 
enthalpy require a more restricted solvent geometry, 'and 
so give a more negative activation entropy. 69 
¥fuereas the spread of activation enthalpies for the 
four polymethylbenzene positions measured is ,.2 kcals/mole, 
the spread of activation entropies represents a range of 
i.l kcals/mole of free energy. In spite of the substantial 
errors in the entropy values it is clear that a major part 
of the substituent effect is due to a change in the enthalpy 
term despite earlier work on dedeuteration in CF,COOH/H2so4 
mixtures by Mackor, Smit, and van der Waals;2 which 
indicated that the entropy term might predominate. Their 
results do support the more positive entropy of activation 
for more reactive polymethylbenzenes. 
It is apparent that the entropy term arises from a 
combination of at least two interactions. The incipient 
trifluoroacetate anion and the Vfueland intermediate cation 
must both be solvated. The degree of proton transfer in 
the transition state will be thed~termining factor for the 
first entropy difference. According to both the Hammond 
postulate l ; and recent work on reaction trajectories on 
potential energy surfaces,74 the higher the barrier the 
greater will be the extension of the breaking bond at the 
transition state. ,The more reactive polymethylbenzenes 
will therefore involve a smaller trifluoroacetate solvation 
entropy. 
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If the substituent effect is considered to arise from 
"charge spreading", then the methyl groups must bear'a greater 
amount of the charge of the Wheland intermediate than hydrogen 
atoms. On the other hand, as substitution increases the 
reactivity of the system, there will be less charge in the 
transition state to be solvated. A further possibility is 
the loss of methyl rotational freedom because of hyperconjugation, 
The interplay of these effects affords the possibility 
of a variety of resultants, and it is perhaps not surprising 
that the Baker-Nathan order of substituent effects (CH3-
more electron releasing than t-Bu- ) is apt to reverse on 
change of solvents.28 
(3) Comparison of Values of the Arrhenius Parameters 
The standard state of the free energy of activation 
is defined by the scale used to express the rate-constant 
k in the equation:-
:t-loge k = loge (kT/h) - ~G /RT 
(kT/h is expressed in units of (time)~1)70 
-1 The units of k used for this work were sec , but the 
implication of a concentration term owing to the pseudo first--·-
order nature of the kinetics must be remembered if 
comparisons are to be made with other systems., This 
correction factor, which is also necessary for comparison 
with unimolecular or termolecular reactions, will appear . 
in 'the entropy term if it is largely independent of 
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temperature. 
Differences in free energy, enthalpy or entropy between 
measurements involving the same standard state are 
independent of the standard state, and may be compared 
directly. 
The free energies of activation obtained spanned the 
range 20.4 - 33.2 koals/mole, and represented very similar 
reactivities to those observed for deuteration and bromination 
of the polymethylbenzenes. 
The large negative values for-the entropies of 
activation are common for reactions involving Vfueland 
intermediates, and have been ascribed to solvation effects. 75 
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( ) The Additivity Principle 
(1) 
Since it vms first proposed by Condon 24 the Additivity 
Principle has been tested for many electrophilic sUbstitution 
reactions using the polymethylbenzene series~ The alkyl 
groups have been the favoured substituents; they have 
relatively small cr values so that rates for a wi range 
of polysubstituted benzenes can be measured in spi of the 
very large p values encountered in aromatic sUbstitutions. 
(e.g" Bromination\) p= 12.1; 76 Chlorination? p= 10.0;77 
Detritiation 1 P ....... 10 78 depending on solvent,,) 
This marked selectivity is sensitive to the solventS' 
and this has presented difficulties WheJ.l measurements made 
in different solvents have been compared" Because of the 
necessity to use more reactivey'less selective reagent 
solutions for the less reactive substituted aromatics, the 
reported agreement with the Additivity Principle for some 
of the early work may appear rather better. than really 
the case" 
For a lal"ge number of reactions it has been shown that 
the polymethylbenzenes react much more slowly than predicted 
by the Addi ti vi ty Prinoiple ,,25 In many oases oan be 
seen that sterie factors are not causing the deViations? 
beo.ause a smooth trend is observed with increasing 
reactivity and durenG!? vvi th its severely hindered reaction 
" 
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site, always appears quite close to the Additivity 
prediction. In particular, Baciocchi and Illuminati 25 
have shown that for several series of substituted tetramethyl-
benzenes and substituted mesitylenes, cylindrically 
symmetrical substituents (e.g. -CN, -Me, -Cl) result in 
predictable effects on the reactivity of the remaining 
unsubstituted position towards electrophilic attack 
(e.g. bromination and chlorination). They obtain good 
correlations with values obtained from substituted benzenes, 
but p values are decreased by 25%, in spite of less reactive, 
and hence more selective, solvent systems being employed. 
It should be noted ~that deviations from additivity are 
often no more than a factor of 2-4 in spite of reactivity 
ranges of the order of 108 , so that from a practical point 
of view the Principle is quite as successful as most Hammett 
correlations. Nevertheless, the fact that only one type 
of substituent need be used eliminates variations in 
substituent-solvent interactions, and as deviations from 
additivity do not appear to be random, there appears to be 
a good chance of improving the theory. 
(2) Experimental Difficulties 
Where hydrogen is the substituent displaced in the 
course of the reaction, the problem of detecting the 
relative amounts of substitution in the various positions 
of the unsymmetrical polymethylbenzenes may be severe, 
especia~ly for the less reactive positions which account 
for only a fractional percentage of the total reaction 
products. (For instance the 5-position of m-xylene.) 
In these reactions much work measured only the relative 
substrate selectivities, that is ~he relative overall 
reactivities of the hydrocarbons. One value would then 
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be known for each molecule, and would be assumed to be the 
sum of the reactivities at all the possible ring positions. 
These would then be compared (using the Addi tivi ty Principl.e) 
with product distributions obtained for toluene (in which 
the meta value was often subject to considerable error). 
A more severe test was made possible by the 
. development, largely by Eaborn and his co-workers, of 
displacement reactions where the position of substitution 
could be predetermined, and thus difficult product analyses 
avoided .. Reactions such as proto-degermylation and 
. 
-desilylation showed steric acceleration when the reaction 
site was either "flanked" by two ortho methyl groups or 
Itbuttressedll by an ortho and meta combination on the same 
. side of the ring. 19 This complication could be avoided 
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by using the other hydrogen isotopes and the extension of 
Eaborn's detritiation measurements to cover the whole series 
of the polymethylbenzenes has been completed by the present 
work. 
The problem of correcting for different solvents has 
been avoided by modifying the exp~rimental techniques so 
that a range of reactivities o·f over 107 could be measured 
at the same temperature in the same reagent medium. This 
was achieved at some cost to accuracy at the extremes of 
the range, but it is considered that the errors are likely 
to be smaller than those arising from changing conditions. 
(For example, the detritiation reactivity of the ortho 
position of toluene relative to the para position, has been 
shown to vary from 1.1 to 0.3 as the exchanging acid becomes 
more selective.)79 By means of temperature dependence 
measurements of rate-constants, the range was extended by 
another power of 10. Furthermore, individual measurements 
of temperature dependence were made in the two cases where 
extrapolation was required, and these extrapolations were 
compared with others for which measurements were also made 
at 700 C. This represents a more complete study than the 
earlier deuteration work31 in whiohcomparisons made at 
lower temperatures were assumed to be valid for higher 
temperatures. 
Modern "general least squares" (non-linear) computer 
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make possible the direct determination of 
rate-constants from the exponential decay CUi""ves 
easy correction for a finite end-point concentratioLl~ so 
that curva-'cu.re o:f log plots fol" fast reactions is no 
a problem" 
(3) 
Pne results of Eabo~~ end his co-workers for 
detritiation in trifluoroacetic acid 
established values for the partie~ factors of 220 v 601~ 
o 80 81 450, for orth0 il meta, and para methyl groups respectl.vely& f 
Even vii th these values applied to the xylenes mal~ked 
disorepencies had been found, with the 2 and 4 positions of 
m-xylene beir~ about 20% less reactive th~~ predicted~ 
the 4 posl tion of o-xylene being about 30% too 10w)O 
Agreement may actually be considerably worse then this 
as the results of present work suggest -Ghat the accepted·. 
value for benzene may too high by up to a factor of two" 
The results of a regression analysis assuming additivity 
for detri tiation resuJ. ts obtained this work are shoVT.!l 
in 7 and 11 " The results shovv a 
deviations appear to be 
independent of the environment of the reaction 
The partial factors obtained are much 
than those measuxed for toluene and clearly represent a 
compromise between effects for the unreactive compounds~ 
e"nd small the very reactive 
(See also 
Factorsb 
log 0 2.1 OQ022 149 220 
log m 0,,730 0.021 5,,4 6,,1 
log p 2 .. 3 0.032 229 450 
Intercept -70846 
Standard of Estimated 0,,135. (37%) 
lIeul tiple Correlation Coefficient, 00997 
(a) Using (page 52). Tfle relation was 
s are regression 
coefficients; no~ n ' and n are the nwtibers of methyl m" p 
groups ortho? meta$' and para respectively to ,the, reaction 
site~ 
(b) Partial factors corresponding to fJ values .. 
(c) Partial factors for toluene according to Eaborn 
alLd his co-workersQ80,81 
(d) ~'his was carried out the whole set of 
liunaveraged" rate-constants and so was weighted according 
to experimental error" For a comparison of these results 
with the "averaged" rate-constal1ts s Table 9. 
Note, that sta."'ldard error is larger than -chis G 
.--. 
l-
tt 
I-
U) 
Z 
o 
u 
11 
The regression s was continued making allowance 
for second order interactionsQ the 11lliJ1 be r 
of I1buttressed ll ortho-meta combinations (iQeQ both 
substit-uents on the srune side of the other 
interaotion variables were included in analysis as 
sho1lVll below" 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Variablea 
. 
N~~e/Explanationb 
:n 
o 
Db (; np 
(l~Qnp )"~,,np/2 
(no ) ono/2 
(~-1)"V2 
Ortho 
Meta 
Para 
Ortho/Meta Buttressed 
Meta/Para B-I.lttressed 
Flanked Me"'cas 
Fl8.lllced 
Double Ortllos 
Double 
Ortho/Para Interaction 
(a) Tne fUl~ctions shovrn here are merely igned to 
number of times the stJ.."Uc-'cural featur'6 named in the 
column. a given transition state using 
nb whioh were -"..",·,,"'c ..... dod as computer 
input for each observed rate-constant Q 
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(b) E2::amples in which variables 4~10 
shovm below" The site is marked 
groups are ?hovv.n by .. 
I I 
X) '6 :6 '(Yn-o n 
+ + + + + + + 
Variable: (4) (5) (6) (7) (8) (9) (10) 
As explained previously (page 66) selection of 
most significant s first was automatic~ The 
on shoV'Tfl Figure 12 and Table 8 wes obtained 0 
It is evident that no simple explanation for the non-additive 
behaviour is provided although interesting features are 
brought to light~-
(a) ~.ae most important second order correlation is the 
buttressing of a para substituent (5) which reduces its 
(b) Buttressing of ortho groups (4), and the 
posi tion between two substitl..lents ("double orthostl) (8) both 
in reduced reactivity, but the similar fOl'" 
ortho-para interaction (10) must caution considoring 
these as simple s effects on the reaction te .. 
(0) The inoreas reactivity for the flanked positions 
(6,7) should be interpreted as a reduced effect for the 
0 
,1 
Jf:, 
"'" 
1 O,r--r---I 
5 
o 
~10 
·-15 
-30 
--35,-
,-' i 
~:t 
i 
-50 
--55 
-60 
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second buttressingo Particularly for the flanked 
this is rather surpri 
1 $498 0~025 
2 +0@958 OG030 
3 +2 .. 837 0 0 037 
4 -0 0 203 0~027 
5 -0 .. 348 0,,040 
6 +0~113 .0,,038 
7 -:-0,,186 0,,058 
8 
-0" 0" 
9 -0,,101 00040 
10 -0 .. 257 0 .. 026 
Intercept .. 218 
Standard Error of Estimate 
Multiple Correlation Coefficient 
(a) See page 96" 
(b) Antilog of Regression Coefficient .. 
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-
315,,00 
9,,10 
687000 
0,,63 
0 0 45 
1.,30 
1,,54 
0052 
0.,79 
0055 
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(6), 
b 
1 
3 
2 
7 
4 
8 
9 
6 
10 
5 
?: 
H-:'-benzene 
o-H3-toluene 
m-H3 - vv ........ t.-.;, ... .l.V 
p-H3-toluene 
3-H3-o-xylel1e 
4-H3-o-xy1ene 
3 2-H -rn-xylene 
3 4-H -rn-xylene 
5-H'-m-xylene 
,2-H3-p-xy1ene 
4-H3-hemimellitene 
5-H3-hemimel1itene 
3-H3_pseudocR~ene 
5-H3-pseudocmnene 
6-H3-pseudocumene 
2~H3_mesity1ene 
5-H3-prelmitene 
4 u3· , -u -l.socturene 
3-H3 -dw."ene 
r "0·3 I. ·I.h ~ O-,J.l -pelJ:va:mEn, Y..l.-
Error of 
TABLE 9 
8~32 
5,.72 
70 
5~39 
4,,89 
4·",74 
3tii44 
3,,14 
6,,38 
4 .. 83 
2,,62 
4 .. 09 
2,,56 
4" 
1.17 
1.,94 
0,,61 
2 .. 
0 .. 
timates 
C - b aLe 
7,,85 
5,,67 
7,,12 
5,,49 
4,,94 
4 .. 76 
3 .. 50 
3,,32 
6,,39 
Llro9A .. 
2 .. 59 
4 .. 03 
2077 
2059 
4021 
1014 
1 .. 86 
0<141 
2 .. 04 
-0 .. 32 
~47 
-0,,05 
-1-0,,10 
+0 .. 05 
+0 .. 02 
+0 .. 06 
+0,,18 
+0.01 
+0 .. 11 
.. 03 
-0 .. 06 
+0 .. 03 
+0,,10 
-0,,03 
-0 .. 03 
-0,,20 
-0.07 
-0.47 
0,,17 
8,,22 
3,,14 
6 0 40 
4 .. 76 
1 .. 
1.,92 
0.,66 
2,,10 
0006 
(a) Calcuiated from the results in Table 3 .. 
(b) See page 94. ( tivityapproximation .. ) 
(c) See page 96. (Allowance for interaction terms.) 
100 
",10 
0.00 
+0.02 
.. 01 
. +0 .. 08 
+0.03 
-1-0 .. 07 
o~oo 
+0 .. 02 
-0.07 
0 .. 00 
-0002 
-0,,06 
-0.03 
0.00 
+0.02 
-0.02 
+0,,05 
+0,,03 
-0.09 
0.048 
101 
(4) 
81..1. be tt .Jrut:L on 
, 
of its low steric :cequirements'il trical 
Vlheland interillediate and high selecti vi ty 9 hydro exchange 
has a claim to be considered a good model of c 
electronic effects in electrophilic substitutioll 9 to 
this comparisons with some of the better plots 
are shown Figures 13 and 14 0 (The 
reactivi used for detritiation are calculated from the 
positional reactivities and ShovVll in Table 10, together 
with some from other reactions Q ) 
With the exception of acetylation, whose 
requirements are evidently very severe? the cOl"relations 
yield good straight lines with the major deviations 
consi appearing for p-xylene and durene a manner 
that they are related tothe steric requirements 
of the electrophileo (For exruJlple~ deviations for 
p-xylene increase in the order D ""';Cl Br co . ) 
Partial rate factors for various electrophilic 
sUbsti.Jrution reactions of toluene are ShovVll in Table 
and show a variety of ortho/para ratios which 
the with the detritiation results most 
surprising sight" The sensitivities of the 
various 
towards 
rate-constru~ts of the polymethy1benzen~s 
in the ortho partial rate factor weI'e 
therefore investigated theoretically aSSllllling the Addi 
o 2 3 4 5 
Log(k/k~) Oetritiatioll 
RELATIVE REACTIVITIES OF THE POLYMETHYLBENZENES 
Bromination Bl~2/HAc/H20/25° 600 505 2420 
Chlorination C12/HAC/25° 617 4~95 820 
Deuteration D20/CF3COOH/70
o 253 308 420 
Acetylation ACCl/AlC13/C2H4C12/25° 4~5 4~8 749 
Benzoylation PhCOCl/ P.J.Cl:/PhN02/25° 3206 51>0 831 
lI/.Iel"'curatiol1 Hg(OAC)2/HAC/50o 4~60 1.:,98 16.8 
Su1phonation 14Q8M H2S0Ll./25° 63 .. 4 5 .. 7 258 
, 
t-Butylation tBuBr/snC14/MeN02/25° 0.0 3Q2 9302 
t-Butylation isobutglene/AlC13/lVIeN02 0.,0 3055 84,,1 @ 25 
Desilylation HCl04/MeOH/H2o/50o 18,,3 204- 22,,8 
Degermy1ation HC1011 /lVIeoH/H')0/50o 12 .. 4 2.11 14,,0 
'(' ... 
(a) References to the work summarized in this table can 
be found in Reference 25 from IIThich this table was 
taken" 
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log krel 
a 10 0 ' k b log 0 log d 
o reI 
Benzene 0,,0 0 .. 0 0,,0 000 
Toluene 2043 20 2~78 0~70 
o-Xylene 3032 3,,01 3,,73 1,,21 
m-Xylene 4079 4 .. 48 5Q L,54 
p-Xylene 3031 2,,93 3,,40 0092 
Hemimellitene 5022 5,,04 6,,22 1084 
Pseudocumene 5 .. 17 4,,92 6018 1.,70 
Mesitylene 6,,84 6 .. 98 8 .. 28 2. 
Prehnitel1.e 5 .. 89 7 .. 04 2. 
Isodurene 7",23 70340 8 .. 62 2,,41 
Durene 5 .. 70 5045 ·6,,45 1 .. 48 
Pentamethyl- 7",38 7 .. .1r 2 . 8" 2.36 
benzene 
(a) Calculated from the results listed in Table J assuming 
additivity of positional reactivities a.nd taldng benzene 
as unit reactivity .. 
(b) Reference 31. 
(c) 76. 
(d) Reference 82" 
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to be valid" If the partial rate factors 
the ortho~ meta, ru1d positions are desi&Lated Q, 
and ::cespecti vely 1 and k represents relative to 
benzene then i t can be shovv,(l that the following overall 
dependences on the ortho partial rate factor are obtained. 
(See Table 12,,) 
It can be seen Table 12 provides a good 
explanation of Figure 13 .. The correlations are the result 
of oonsiderable linearity between log kdetritg and the 
-Wlax dependence on Q~ as denced by the ratios.l:( flog kdetri to 
V/hile a change of .Q. alters the slope of the correlating 
line in Figure 13 ~ the resulting scatter is not severe" 
o-Xylene~ hemimellitene and prehnitene are particularly 
insensitive to Q~ ru1d for the first two this is accentuated 
as Q becomes smaller .. p-Xylene? d~~ene9 and the three most 
reactive compounds should show greater sensitivity to 
All these trends are clearly ShOV'lll in the correlations of' 
Figure 13 ., (For me tylene~ isodurene and pentamethy1benzene 
the deviations do not seem to be as marked as those predicted9) 
Figure 14 shows correlations of the detri tiation 
with the basicities of' the hydrocarbons towards 
in three ways" Two of these have 
errors for the more unreactive compounds (for the dotted 
line'no value for benzene was availa ), but quite good 
straight lines are obtained indicating that the conjugate 
acid HF is a good representation of the transition state 
I 
TABLE 12 
Compoun,.Q. d(ln k).Ld(ln Q) b 
(Reactivity Order) ( :::: R) 
Benzene 0,,0 
Toluene 0 .. 0 Ra <Ofl5 
p-Xy1ene 1,,0 
o-Xylene 0.0 Ra <0.5 
m-Xylene 1,,0 Ra <1.2 
Ps eudocu.mene 1.0 a R <1..3 
Hemimellitene 0.2 Ra <l"O 
Du:l."'ene 2.,0 
P:I::"ehni tene 1,,0 
Mesitylene 2 .. 0 
lsodurene 200 
pentamethylbenzene 200 
0.,0 
2e43 
3(>31 
3 .. 32 
4~79 
5,,17 
5.22 
5 ... 70 
5 .. 89 
6,,84 
7,,23 
7038 
Max: R -, flog 
0021 
0,,30 
0.15 
0025 
0025 
0 0 19 
0035 
0" 
0 .. 
00 
0,,27 
(a) Upper linlits were calcUlated assuming sd-JJ-::::; 0.5 as 0 
for detritiation. Lovver limits are the asym.ptotes approached 
as Sl./J).. -> 0.,0 
(b) k is the overall reactivity relative to the total 
reactivity of positions of benzene .. 
e.g" toluene k ::::; (2Q + + ~/6 
(>"" d(ln k).:: 2dQ/(2Q -:-2nl. + .12) 
- 2/(2 -:- (2m + JJJ/SJJ .. d( .oJ 
For detri tiation (2m + J)..)/!:L ...... 2 .. 
0"" Maximum 
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loa 
the detritiation reaction" The fact that slopes are 
not substantially different from unity indicate that'ei 
electron demand very similar to that the tion 
state of detri tiatio11. in trifluoroacetic acid~ or that the 
methyl sUbstituents are not as effective in HF solutions 
as they are in weru~er acids Q 
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(iii) 
(1) 
As a substituent, the methyl group is notable its 
oo~paratively small perturbation the benzene 
dipole moment of toluene is less th81'l 25% of that of many 
other monosubsti~Qted benzenes. (Table 
TABLE 13 
Di pole Moments of Monosubstituted Benzenes 88 
COr!lpolJ~1d 
Toluene 0 .. 36 ±0.03 
sole 1..,38 
Chlorobenzene le70 ± 0.04 
Fluorobenzene 1.,58 ± 0$02 
Phenol 1,,45 
Aniline 1.:.53 
T'ne eleotronegati vi ties of a hydrogen atom 8l1.d a 
methyl groul? have been calculated a number of ways 
(Table to be very similar~89 
The very gl"'eat stablization' of the transition state 
shown by the methyl group as a substituent in the 
detritiation of methylbenzenes 1 &~d other ele 
The 
substitutions~ must then be attributed to its polarisability~ 
rather than a static effect suoh as a permanent dipole. 
The amount of stabilization, or of electron donation 
this case, should vary V'lith the demand" As 
o 
}losi charge is ped in the activated c , the 
difference between a hydrogen atom and a methyl group c;,s a 
souroe of electrons will beoome more apparent:) m"ld this is 
the basis of BrOV~L~S Selectivity Relationship. 
TABLE 
-H 
-Me 
-01 
(a~ Mutually consistent empirical values. 
(b), (c) Calculated by two different methods. 
The substituent effeots for addition of a me group, 
either orth0 1 meta~ or para~ to the site of detritiation 
are shown on III for the polymethylbenzeneso 
It can be seen that as log k become.s larger (less negative), 
illog k becomes smaller for all three posi tiona of 
subs tutiol1 Q k refers to a compound with 11 methyl 
groups .. k -:- log k) refers to one with methyl 
groups This effect is a decrease the partial 
factors as the ty of the aromatic increasesQ Such 
a dependence on increased reactivity is usually interpreted 
as a ohange the struc of the activated complex so as 
to it les8 like that of the wneland intermedi ~ and 
require less charge stabilization from the subs JGUentsw 
t 
(x del1.otes site 
hydrogen exchange) 
'.29 (,_58 1 0-90 ~ ~ 2-2 
~~ 
X 
t 
e 
X 
I 
-9: 
X 
xb ~ 
(2) 
(a) Int:,:'C'ocl.uctiol1 
Consideration of the above results prompted a 
reassessment of partial rate factors. Instead of 
""'->-"""Qsen-ced by a characteristic free energy increment~ 
perhaps the substi tt,lent should be descri bed by a proportion-
ality constant describing the fraction. of free of 
activation reduced by substitution$ This description would 
inherently impose a "sat"u.ration" effect on the absolute 
magni tv.des of the substituent free energy increments as the 
Ul1substituted substrate becomes more reactive, fu~d 
activation energy becomes smallerq T'.ae proportionali ty 
constant itself was regarded as the integral of a 
differential equation describing the dependence of energ-y 
of activation on infinitesemal substitution~ The limits 
of integration defined the difference betvleen the tituents 
of the two compounds vn10se rates were being comparedQ 
these limits were $1 proportionality constants for 
multi substitutions were easily obtained as they were 
also additive. 
To avoid begging the question of how much of the 
experimental energy of activation can be affected by 
substijGUents~ the energy was assumed to separable into two 
parts, only one of which was influenced by substitutiol1.>1> 
A graphical method of estimating this part of the activation 
was derived .. 
the reaction A -:- Bi ~ ABi ---? (products) ( 
is a s es of related compounds), e that the 
activation energy is LlG~ 0 Part of the activation' 
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B., 
.l.. 
will represent the development of charge in the substrate 
.. we assurne that this is part affected by 
subs tv.ants in Bi? that we can separate 8G~ -
_ 1 
:j:: 
+ liB. ~ 1 
where 8A'!f.. is not changed if Bi only is chaJ.'lged~ for a 
polarisable substi.Jru.ent the effect on a substi tu on should 
be dependent on this charge. If it is assumed the 
effect proportional to aB~,then a characteris 
subs tuent parame , 8 1 can be defined such 
(Change activatioD 
energy for in:f.ini-cesemal 
change in S1.1 tu.tion.) 
,/,'.. for finite substituent constants,. 
the t of adding substitueni;1 
characterized by the qUaJ..'lti ty 8 sl$'2 ~ which converts l1. into 
B2 " 
Also log k e 
t-
- C-fiG /RT (0 :;;: log kT/h from e'~ -
absolute :ca-ce, theory) 
.,G" 10g(k2/kl ) == [ -1/2" 303HT ] .. [LlG~ - LlG~ ] 
::: (.1:S;:/20 303RT] .. [1-e-llSl?2 ] :f-(if /jA ~ T E).re 
constant) 
(with nomenclature by analogy 
with the Hammett equation90 ) 
This equation shows that p will be smaller as the 
activation energy becomes smaller" This is consistent with 
the accepted view that selectivity depends on the demand 
placed on the substituent. ~ne equation also predicts that 
multiple substitution will not produce an additive effect 
because of the dependence on (1-e-8S1,2) rather th8n~S~ 20 
J.? 
Also 
n 
~ S· 
. J J 
where l,o.~j?&.?n" are the substituents required to convert 
~ into B2 ", 
Let BH ~enote the unsubstituted compound of a series. 
For any other two compounds:-
10g(k2/kl ) :;;: 10g(k2/kH) - log(kl/ks) 
t J r _AS-liS J 
::: [I1B~/2.303RT G le L..lJ-1i ,l - e-L'l H,~ 
::: PH [1-e-881, 2] 0) [e -l).SH ?lJ 
/ r -/j.s-_ _ ~a and log(kl kH) :=: t>H L l-e ~1i ,J. J 
= 
so that a plot of 10g(k2/k1 ) against 10g(lc1 ) for -i\ B2 
representing addition of a given substituent slope -oi2 
This means that if two 
series of compounds undergo a given reaction 9 and members 
of the second series (2) are obtained from those of the first 
(1) by addition of a given substituent (012) then the 
relationship be~veen (1) and (2) given by the above 
equation? and a plot of the data for each related pair of 
compoUlLds should be a straight line. 
(3) A.i?;Blication of the Sat-uJ:.'ation Eguations to Detri tiatj.on 
Plo of log(k2/kl ) againstlog(kl ) were examined for 
the addition of o~ ill, and p methyl groups in detritiation 
of the polymethylbenzenes~ ~~d clearly showed a non-zero 
slope" The points show considerable scatter (Figures 16-18) 
but also a clear trend with the greatest deviation being 
O .. 2210g10 ts .. Resul ts are shov'V.n Table 15. 
The ratios of Intercept / Slope are sho~~ Table 160 
The correlations shovr.n in these two tables have 
interesting consequences in the light of our theory. 
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TABLE 15 
1\:Te-'-hvl 
_,. lo_ .. " .• Error of 
~--...,~ 
Position 
0 -00104-
ill -OG067 
p -0. 
(a) The plot 
0.010 
0.009 
0.024 
of the form 
1.,,640 
OQ420 
1 .. 768 
0,,94·4 
00888 
0 .. 86~~ 
~log k :::: (slope) .. log k + intercept. 
(b) Multiple Correlation Coefficient. 
0.069 
0.075 
0.140 
Firstly, the ortho and para correlations do have a 
constant intercept / slope ratio 9 with a value slightly 
larger than that predicted from 'the absolute rate e~uation& 
/ ( . * / intercept slope:::: PH + log kH) :::: (nEg 2 .. 303RT + log kU) 
(page 114) 
:::: log (kT/h) 
the whole of the 
activation 
4-
<bA'" ;:;;: 0) ~ and 
is dependent on the substituent effect 9 
has u:~its sec-1 Q ] 
However, the meta ratio is substantially (and statisticall" 
sig.aificantly) below this value, representing a greater / 
degree of than for the other positions. This 
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TABLE 16 
Intel"C812t LS10pe 
( a) (b) (c) 
ortho -15 .. 8 1.6 +1.8 -2.1 
meta -6.3 1.1 +1.4- .7 
para -1593 3.3 +3.5 -5.5 
(a) Calculated from the approximate relationship;91 
= [~ 1 2 
where A and B are the meal'lS of two independent variables? 
(A/B) is the mean of the indicated quotient, and for both 
A and B the probability of a value close to zero is very 
small" This relationship does not allow for the covariance 
between slope and intercept. (b) and (c) allow for an extreme 
case, and show the as;ymm.etry of the distribution of the 
ciuotient. 
(b) Assumes worst covariance (-1) for po tive deviations. 
(c) Assumes worst covariance ( ) for negative deviations. 
could be explained in terms of theory" as a result 
isolation of meta substituerits from the resonance sys 
of ringQ· It is interesting to note that it been 
observed that Pm is not necessarily equal to Pp for a 
gi ven reactiOllg92 Such effects could occur the 
of the free energy of activation vvhich is accessi to a 
meta substituent, is modified9 
other signific~~t features of the plots are that 
is ruk overall pattern of deviations imposed upon this general 
saturation trend .. The same compounds appear in similar 
positions on all three graphs, and this factor, rather 
experimental error, must account for much of the scatter. 
Also, the para plot is clearly worse than the others which 
could indicate that this position is the major cause of 
deviations from additivity other than simple saturation. 
(4) 
The meta subs -cuents can modify only a small part of 
activation energy, and we can subdivide the total energy 
:j:: +-
parts, 
.,. 
£lBi two ,O.Mi and sayv where the .j.. part , v 
only can be affec by meta SUbstitution. The question 
of how these two parts are modified by substi to. en ts in 
o positions is cl~cial to a consistent theory. 
Each substi 
:to 
and .d (8,Bi ) ::: 
now requires two S parameters CL1sM 9 .6.sR) 
"dSM - "dsR 
and they c&~ be separated:-
= -2~303RT log(k2/kl ) 
:j:: -8s'~'[ t ~SR 
:=: -6,Ml (l-e 1,2) +llRl(l-e- 1~2) 
= (l~]\il~ /2 .. 303RT) (l-e )'/2) + 
J.. _ 
",R (AR~/20303R'r) (1-e-L\0l~2) 
J.. 
I R R 
+ p OY2 
,~ ... 
by analogy with the 
Taft relationship.20 
As before~ we may relate this increment to the l.U1substi tuted 
compound designated Ho 
1) P R/l , + HI.. -e ,2) (e 
. R For B2 and Ii differing only by a meta group ~12 = 0 
( /) M M( -~~~ 1) and log k2 l{l ::::: PH "C"'m e 1-1 ~ where is the cons ill 
for a single meta grOUT 
nr'nere C log (n~'[ olK) 
.. :;;: e rEI> m 
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If 6]\/(* is consi to be due to localisation at 
positions me to the reaction site~ there may be two 
ortho effects corresponding to different positions relative 
to a particular me position. 
The data shOi.IIJl1 in Figure 1'7 was ad ·i11 terms 
of substitution the various other positions arovnd the 
ring. 
+ n + 0-p ,<I? 
where no"- is the number of methyl groups ortho to the reaction 
site, and adjacent to the meta methyl group whose effect is 
no' nm, nn represent sirrilar J; 
quantities for the other positions, and the regression 
coefficients are designated m. From the above: 
(see 122) 
~l'" . • • • '~4 are the !::'SM values for methyl substi tutionat 
the indicated positions. Resul ts are shown in Table 17? 
and Figure 19 • 
The standard error of the estimate repres all 11% 
is about 
0 .. 07 loglO units" This corresponds to an 1170 error the 
ratio k2/kl which c be produced by 8% errors the 
rate-constants kl? However~ this standard eITor is 
little smaller than that for the simple saturation theory 
shoWD in Table 15 the error was 00075 loglO units 
FIGURE 1 
\
4-hemi )( 3-psc 
~'/4-0-Xjl ,)<p-fol /S-psc '2-m-xy I 
CRLCULRTED ~'1 00 
1 
1 
for the same data using tvvo parameters, (slope interoept) 
to predict the increment produced by meta substi given 
the rate-constant of the unsubsti tuted compou.'ld.. This 
indicates that the reactivity the 'Iunsubs dir compound 
is a good guide to the increment to be expected from 
addition of a meta methyl substituent. Note also 
similari ty between Figures 17 £w.1d 19 ,. 
TAHLE 17 
ot,her S;q,bs,ti tuentsa DSM T-Value b x , 
Adjacent ortho (0 ) 0$208 0.048 4()31 
(p) 0 .. 312 0 .. 048 6 0 /t~· 
Oppo ortho (0) 0 .. 115 0.048 2.37 
Oppo meta (m) 0,,003 0.005 0 .. 68 
Intercept -000475 
Multiple Regression Coefficient 00907 
standard Error of Estimate 0,,108 
(a) Ortho, meta? and para are relative to the reaction site" 
Opposite adjacent are relative to the meta methyl group 
whose effect being studiedo 
(bj 11 degrees of freedom. 
The lines in Figure 19 C011118Ct compounds by 
a meta methyl group. It seen that the ~vo and four 
positions of m-2..rylene are the basic cause of the large error? 
as the first methyl group inserted meta to these positions 
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has a effect thfu~ the second contras with the 
otherwise tendency for effects to become smaller as 
the reactivity increases. 
These peculiar increments are shovm below:-
11 k Increments and Estimated Experimental Errors 
(0 08) 
While experimental error could account for thr; bottom 
sequence? the 0 appear to be more secure" No 
explanation to account for these deviations .. 
The Table 17 show that there is ble 
interaction between meta group effects. This jus es a 
separation of into two parts 9 one for each de of the 
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benzene ring b~ a line passing through the para 
position and centre of the ring. signating the sides 
X and Your ons become:-
10g(k2/kl ) = P~ .. (rri~ + ~i~) + P~ Q 
- pM t, ..... .:rVfx _l\ sMXH· 1 . ~[Y and 10g(k2/kl ) -. u e W + - H 12 G ~ 12 0 -£:. MY l e SH,l 
oJ 
The fact that £:.s;Y appears to be zero for meta methyl 
substi tution on the X side (see Table 17 ) means that 
o-MY = (l_e-£:'S;Y) = 0 
m ' 
which justifies the form of the equation used ,for the analysis 
(page 123) .. 
(5) 
Detritiation Data 
" III 
':rhe values previously listed in Table 17 define the 
following constants for the £:.Mf part of the activation energy 
accessible to meta substituents:-
Substitution _£:.SIifJX (J' MX crMY 
in Side X 
'W ==-
ortho 0 .. 811 0,,189 0 .. 897 0t)108 
meta (0 .. 550) (0,,~-50 ) 1 .. 000 0.000 
para 0 .. 732 0 .. 268 0 .. 732 0.268 
From the interc ~ pM 11X 0.935 1 H " crUm = 
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The values for the meta 1')08i tion (shown in brackets) he,d -'co 
be derived from other data; the slopes sho'Nn in 1'able 15 
were taken as rough guides for cr~o and (J"~p' allov'i'ing P~ 
ffi~d P~ to be detel~ined from the intercept equation (above)~ 
and from rate-constants for the hemimellitenes and mesitylene .. 
After slight modifications the following constants were 
obtained:-
pM P~ 6 0R R R crii12 e- uHo crHo e-6SHn H 1,.., 
1 .. 7 19.0 0 .. 890 00110 0.893 0 .. 107 
n~e correlation obtained with these values is shown in 
Table 18(d), and allows a standard error of 0 .. 075 10glO 
units or about 19% of le .. This could probably be reduoed 
somewhat by least-squares refinement, but as has already 
been pointed out the data contains features not explicable 
by this theory. The correlation is substantially better 
than that for additivity (b)9 and the simple saturation 
theory (c) whose standard errors are over 50% .. 
by 
.. 
" .. 
If we aSSUll18 that the total activation energy is given 
log(kT!h) ~ ~G~!2e303RT) + log ~ 
M R ~ 2PH -I- PH -I- log k-H 
~ 14 .. 1 
this is in very good agreement with the theoretical value 
18 
Additivit~ and bZ the Saturation Equations 
Compound 
H3-benzene 
o-H3 ... toluene 
m-H3 ... to1uene 
p-H3-toluene 
3 3-H -0-xy1ene 
4-H3-0-xy1ene 
2-H3 ... m-xy1ene 
4-H3-m-xy1ene 
5-H3-m-xy1ene 
. 2';"H3 -p-xylene 
4-H3 ... hemime11itene 
5-H3-hemimel1itene 
3-H3-pseudocumene 
5-H3-pseudoeumene 
6-H3 ... pseudooumene 
2-H3-mesity1ene 
5-H3 ... prehnitene 
4-H3-isodu.rene 
3-H3-durene 
6-H3-pentamethy1-
benzene 
Standard 
;kQ.g(k) a 
Obs 
.32 
.. 72 
-7 .. 24 
-5.39 
-4 .. 89 
-4.74 
-3 .. 44 
.. 
.. 38 
.. 83 
.62 
-4.09 
.81 
.. 56 
-4 .. 
.17 
.. 94 
-0 .. 61 
-0 .. 15 
Obs-Calc 
caleb 
-0 .. 47 
-0.05 
-0 .. 
+0,,10 
+0 .. 05 
+0 .. 02 
+0 .. 06 
+0,.18· 
+0.01 
-0,,03 
... 0.06 
-0 .. 04 
+0.03 
-0 .. 03 
-0 .. 08 
.... 0.20 
-0.07 
"-0 .. 47 
(corrected for degrees of freedom) 
Qbs=Oalc 
Caleo 
+0,,01 
0,,0 
+0 .. 09 
0.0 
-0 .. 04 
-0,,22 
0.0 
0 .. 0 
0,,0 
... 0 .. 03 
-0 .. 23 
-0 .. 39 
-0,,14 
-0017 
...0,,10 
0 .. 0 
-0 0 27 . 
-0 .. 10 
-... 0 .. 19 
~0.27 
0 .. 18 
(Table continued on page.) 
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Obs-Calc 
Oaled 
0.0 
0.0 
+0<)15 
000 
+0.09 
-0,,05 
0.0 
+0,,01 
+0.07 
+0.06 
-0003 
-0009 
-0 .. 05 
-0.03 
+OQ03 
0 .. 0 
+0004 
+0,,06 
-0.05 
... ..0.02 
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TABLE 18 (continued) 
(a) k is rate-constant for detritiation in trifluoroacetio 
acid at 70 .. 00 0. 
(b) Least squares analysis assuming additivity of log (partial 
rate factors)., 
, * (c) Simple saturation equation assuming PH :::::L1GH/2 .. 303RT 
and taking~Ho ~ 00123 1 ~Hm::::: 0.0472 9 ~Hp ::::: Oe139, so as 
to agree with the toluene and m-xylene results. 
Cd) Partitioned saturation equation. See page 122 .. 
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of 12.9? 8.l'1d is evidence for the validity of the assumption 
that substi-~ent effects (for methyl groups at least)? are 
directly proportional to the free energy of activationo' 
Peculiar features of these correlation constants are that 
ortho and para substitutions affect the major part of the 
activation energy almost identicallyp and the Ul1eqaal 
distribution is the result of the sm~l (about 18%) part 
accessible to meta substituents which is relatively quickly 
"saturated". This may throw new light on the question of 
ortho-para ratioso 
This minor part of the activation energy is efficiently 
reduced by methyl substituents as evidenced by the large 
values of O"'M compared with erR. 
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(iv) Molecular Orbital Calculations 
Reactivity indices derived from various molecular 
orbital models have been reviewed by Greenwood ru1d 
McWeeney? 93 and considerable progress has been made with 
more sophisticated treatments as more powerful computing 
facilities become available. 
Figure 20 shows the comparison between the rates of 
detritiation and localisation energies calculated by 
Clark and Fairweather using the Pariser-Parr-Pople 
self-consistent field method. They treated the methyl 
group as a pseudo-hetero-atom and parameters for mesomeric p 
and both cr and IT inductive interactions were found 
necessary to achieve correlation with their results for 
nitration, also shown in Figure 20. 94 
General trends are reproduced but deviations are 
evident. The effect of meta substitution is severely 
underestimated and the buttressing second order effect 
(page 96) is. overestimatede {The 3 position of 
o-xylene is almost as reactive as one position of p-xylene, 
whereas the calculated values differ considerablyo} 
tration is a more complex reaction than hydrogen 
vAV~ •. ~J'~~? and it has been shown that acetoxylation 
accompanies nitration in nitric acid/acetic anhydride 
mixtures. l ,95 The present nitration results obtained 
by Clark and Fairweather using nitric aCid/acetic acid 
must be regarded with caution as long as the factors 
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controlling product ratios of n~tration and aoetoxylation 
,the polymethylbenzenes in similar systems are still 
not understood~ 
Several earlier molecular orbi calculations for 
the basicities of the polymethylbenzenes have been 
reviewed by Perkampus76 Inductive contributions from 
the methyl groups appeared to be more important than 
hyperconjugation. 
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(B) N.M.R. Spectra of Polymeth~lbenzenes 
A number of studies of the N.M.R. spectra of the 
methyl benzene series has been made~ but -:few have covered 
the complete range of compounds/9.40.41.42 It appears 
that some erroneous interpretations may have been made of 
this incomplete datao 
The spectra show sharp unsplit methyl peaks for all 
compounds except pentamethylbenzene for which tV'I'O methyl 
groups appear to lie under a'rather broader peak.. The 
aromatic protons~ although strongly coupled, show almost 
single peaks for all compounds, and these were taken to 
represent the mean positions of the actual chemical shifts* 
For m-xylene the smaller peaks were more sigflificant. The 
.solvent effects correlation compared only the large ring 
proton peak for each compoundo Details of measurements 
and results of this thesis have been described earlier. 
(See pages 77-81) Assignments of methyl peaks are discussed 
in Section ( ) (1). 
(i) S,olvent Effects 
(1) Correlations 
Figures 21 and 22 show chemical shifts in CC14 compared 
with those in n-hexane for both ring and methyl protons for 
the whole series of polymethylbenzenes by least squares 
analyses using program STEPR (page 58 ), and the relation 
Correlation parameters 
1,36 
Solvent Shifts ('CCl -r. h ) for Polymethylbenzene Protons 4 n- exane . 
Relative to Toluene Shifts 
Compound Methyl Protonsa 
Benzene 
Toluene 0 .. 0 
o-Xylene 0 .. 01 
m-Xylene 0.01(5) 
p-Xylene 0.0 
Hemimellitene 0 .. 01(5) 
Pseudocumene 0.02 
Mesitylene 0,,02(5) 
Prehnitene 0,,03(5) 
Isodurene 0 .. 03(5) 
Durene 0.02(5) 
. Pentamethy1benzene 0 .. 03 
Hexamethylbenzene 0 .. 02 
b Ring Protons 
-0.03 
0.0 
0.02 
0 .. 04 
0.0 
0.01 
0.03 
0 .. 03 
0 .. 05 
0.05 
0.04 
0.06 
(a) Average values for polymethylated compounds. 
(b) Shift for major peak only. 
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are shown in Table 20. 
TABLE 20 
Least Squares Analysis of Solvent Effects 
Slol2e S.E. of Interoept Ra 
(m) Slope ("'0 ) 
Ring H 1.16 0.02 -0.487 0.012 0.998 
Methyl H 1.16 0.05 -1 .. 250 0.010 0.985 
(a) R is the Multiple Correlation Coefficient. 
Both types of proton give excellent correlations, and 
therefore provide good evidence for the reliability of the 
measurements .. 
(2) Steric Effects 
The results of this work are consistent with CC14 
producing a small deshielding effect Which is a linear 
function of the chemical shi~t of the proton. Ronayne, 
Williams, and Wilson42 have studied solvent effects on 
the aromatic proton shi~ts in toluene, m-xylene, p-xylene, 
and mesitylene ~or several solvents including carbon 
tetrachloride. They concluded that CC14 had a large 
van der Waal's interaction with the solute protons which 
decreased along the above hydrocarbon sequence, and so was 
a function of the increasing steric hindrance. However, 
when the solvent shifts ~or the complete range of methyl and 
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ring protons are considered no deviations attributable to 
steric factors are discernible. 
It should be pointed out that steric effects are better 
established for solvent shifts, such as those induced by 
benzene t in which relative solvent-solute positions and 
orientations are critical.38 Revertheless, failures to 
observe expected steric effects have also been noted, together 
with the generalisation that benzene solvent shifts indicate 
solvent-solute association at the group for electron 
donating substituents, and over the ring for electron 
withdrawing substituents.97 
(3) Ring Ourr.e~ 
It has been suggested that substitution may affect the 
ring current and thus the deshielding in the plane of the 
aromatic ring. This effect has also been suggested to 
account for solvent shifts in OH013 and 0014 relative to 
A change in the ring current of a molecule would 
cause changes in shielding as a function only of proton 
position relative to the ring. 
The solvent shifts (io014-~n-hexane) are in fact 
identical within O.Olppm for all methyl protons of a given 
compound. However, the trend for the more deshielded 
protons to have a slightly greater solvent shift is also 
followed within this restriction. The solvent shifts in 
Table 20 are greater for ring protons than methyl protons 
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and the two series correlate quite well for each compoUlLd. 
Ring current fluctuations should produce more than twice 
as large a shielding change for ring protons compared with 
methyl protons. The ring proton shifts are the larger~ 
but not by as great a factor as predicted. 
(ii) Chemical Shifts 
Chemical shifts in fluoro-aromatics have been well 
established as reliable estimates of inductive effects by 
Taft, and others. 23 In the absence of unaccountable 
anistropy effects the chemical shifts of protons are also 
. a reflection of their electronic environment, and may be 
used to picture the relatively unperturbed ground state 
molecule for comparison with the activated complex to which 
kinetic data applies. Previous work on mono, , and 
trimethylbenzenes has stressed the additivity of the chemical 
shifts of the methyl protons, and used them to predict 
ring proton shifts. 39 
(1) Examination of Addi tj.vi t;y: for Meth;y:l Proton Shifts 
~L inspection of the shifts for the methyl protons 
(Table 6 ) it is clear that a simple additivity relation-
ship will not be successful. The least squares regression 
line is shown in Figure 23? and the parameters in Table 21 , 
for the best fit of:- T'n-hexane = f3ono + f1m~ + f3 pnp + for. ' 
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{3 x are adjustable regression coefficients, ,and DX are the 
numbers of methyl groups at position x relative to the 
observed methyl group. 
TABLE 21 
Least Squares Analysis of Additivity Assumption for Methyl 
Protons in n-Hexanea 
£1'i S.E. (.61'~ 
(ppm) (ppm) 
ortho 0.051 0.008 
meta 0 .. 001 0.008 
para 0.027 0.012 
Intercept 7.760 
S.E. of Estimate 0.029 
Multiple Correlation 0.842 
Coefficient 
(a) Using program STEPR (Page 58) 
b T-Value 
6.40 
0.09 
2.20 
(b) For Student's T test with 16· degrees of freedom. 
We define a "flanked" methyl group as a methyl group 
having substituents other than hydrogen on both adjacent 
ring positions .. A '~buttressedlt methyl group has a substi t-
uent on only one adjacent 
CH3 
CH30CH3 e.g. 
)( 
A "flanked" para group 
(relative to the point of 
ring position. 
Two Ubuttressed" groups .. 
interest, x) '" 
Examination of the shifts of the methyl protons of 
hemimellitene reveals that the flanked methyl group is not 
having a normal ortho effect on the other two. For hemimell-
itene peak areas allowed unequivocal assignment of the methyl 
peaks to the two molecular positions. For pseudocumene, 
prehnitene,isodurene, and pentamethylbenzene ambiguities 
I 
were resolved by interpreting the largest shifts as being 
caused by uunflanked" ortho groups. 
A nurfiber of second order interaction variables including 
"flanking" and "buttressing", were provided to allow STEPR 
to choose the most significant. The following much improved 
correlations were obtained. (Figure 24, Table 22. ) 
statistical tests indicate that the addition of a 
modified value for a flanked meta position significantly 
improves the correlation. (Table 22 (B)) However 1l as 
this reduces the standard error of the estimate to below 
that of the solvent shift correlation, such refinements must 
be treated with caution. Modifications for flanked para 
groups were statistically insignificant. 
(2) Examination of Additivity for Ring Proton Shifts 
Protons attached to aromatic rings are strongly coupled 
and the analysis of the complex spectrum is very difficult .. 
Nevertheless, symmetry ensures that six of the methylbenzenes 
have only chemically equivalent ring protons. In addition 
the spectrum of toluene has been analysed by previous 
workers,98.99 and by adjustment of their results to agree 
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TABLE 22 
Least Squares Analysis of Additivity for Methyl Protons in 
n-Hexane Allowing for the Effect of Flanked Methyl Groups 
(A) flanked ortho only 
ortho 
meta 
61' 
(ppm) 
0.082 
0.031 
para 0.027 
ortho (fl) 0.021 
Intercept 7.729 
S.E.of Estimate 0.009 
Multiple Correlation 0.986 
Coefficient 
(a) 15 degrees of freedom 
(B) flanked ortho and meta 
6, 
ortho 
meta 
para 
ortho (f1) 
meta (fl) 
Intercept 
0.082 
0.031 
0.035 
0.029 
0 .. 015 
7.725 
S.E. of Estimate 0.007 
Multiple Correlation 0.993 
Coefficient 
(b) 14 degrees of freedom 
S. Eo of 61' 
(PPi:a) 
0.004 
0.004 
0.004 
0.004 
S.E. of 61' 
0.003 
0.003 
0.004 
0.003 
0.004 
T~Valu_~ 
23~0 
8 .. 8 
7.0 
5.8 
T-Valueb 
31.8 
12.2 
10.0 
8.6 
3.8 
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with the mean position observed for toluene in this work) 
the following shifts relative to' benzene caused by methyl 
substituents were derived. 
,6.'( 
(ppm) : 
ortho 
+0.18 
meta para 
+0.09 +0 .. 21 
These parameters were used to predict shifts for the 
polymethylbenzenes .. Although agreement with additivity 
predictions is plausible :for the xylenes, failure for the 
higher methyl benzenes is clear. (Table 23,,) A much 
better correlation was achieved by allowing IIbuttressed" 
ortho and'uflanked" meta groups to cause reduced shifts 
(by 0.05 and 0.07 ppm, respectively). This calculation is 
also shown in Table 23. 
TABLE 23 
Chemical Shifts (~) for Rtng Protons of Methylbenzenes in 
Position of 
Me GrouI2s 
1 
1,2 
1,3 
1,4 
1,2,3 
1,2,4 
1,3,5 
n-Hexane 
,.. Obs 
2.78 
2 .. 93 
3 .. 03 
~3 .. 11 
3.07 
3 .. 15 
3.17 
3.22 
TCalca 
(Addi ti vi ty) 
[3 .. 07J 
[3 .. 11J 
3.05 
[3 .. 23J 
[3" 2:1J 
3 .. 35 
( Continued next page.~) 
.. 04( 5)) 
"lJJ 
3 .. 05 
[3 .. 
[3 0 18J 
3.35 
TABLE 23 
Position of ~ 
Me Grou-ps 
1,2,3,4 3.23 
1,2,3,5 3.30 
1,2,4,5 3.23 
1,2,3,4,5 3.30 
(continued) 
Calea 
- .. 
(Addi ti vi ty) 
3 .. 35 
3.44 
3 .. 32 
% 
3 .. 53 
b Calc 
3,,23 
3032 
3.22 
3 .. 29 
(a) Assuming Llortho :::;; 0.18, 11 meta:: 0.09, Llpara:::;; 0.21, 
and additivity. 
Although these are derived from the results for 
toluene 98,99 they are almost _ identical with the 
predictions made by Reddy39 who did not examine the 
tetra- or pentamethylbenzenes, and did not-comment on 
deviations shown in the trimethylbenzenes .. The values 
shown in brackets are mean positions. 
(b) This correlation was achieved by allowing a reduction 
of 0.05ppm in the effect of a "buttressed ll ortho methyl 
group, and a reduction of 0.07ppm in the effect of a 
"flanked" meta methyl group. 
(3) Interpretation of the Correlations 
The concepts of buttressing and flanking are not 
OCH3 unambiguous. For "flanked ortho" (e"g .. _ I-~ CH1fU CH~ 
the effect could as well be described as an interference 
) 
j 
with the transmission of the meta effect as by a modification 
of the ortho effect. The fact that the reduction is 7.5 
standard deviations greater than the total free meta effect 
makes the former description unattractive. 
Q~ I CH3 For "buttressed ortho" (e.g. """ ) the HX CH3 
same alternatives are possible. In this case the meta 
effect is large enough to account for the observed reduction, 
but analogy with the "flanked orthoU favours a similar 
interpretation. 
CH3 CH 3 
I)'CH3(fU I)'CH3(fl,l 
The two "flanked metas" (e .. g. y CH3 y CH3) 
CH; HX 
could be interpreted as the result of double buttressing of 
the ortho or para groups, or as a modification of the meta 
effect. No distinction appears possible from this work. 
Although the special correlating effects used to 
. account for the methyl and ring proton shifts are similar p 
only the "flanked methylU modifications can be directly 
compared. The reduction in the effect due to flanking a 
meta methyl group is four times+arger on a ring proton 
than on a methyl proton. This value is similar to the ratio 
of three observed for the transmission of many substituent 
effects. 
Clearly, a methyl group orthoto an observing methyl 
group cannot be Ifunbuttressedn , and a methyl group ortho 
to an observing proton cannot be uflanked". Comparison 
of these two modifications is therefore impossible. 
(4) ~ys;cal Model for Chemical Shifts 
The physical model used to account for chemical shifts 
employs the following effects. 34 t 35 
(a) Diamagnetic screening from the circulation of electrons 
on the same atom as the nucleus in question. This effect 
is regarded as being strongly correlated with electronic 
charge densities. 
(b) Paramagnetic corrections from the same source as (a). 
(c) The combined effect of the diamagnetic and paramagnetic 
currents on other atoms. 
(d) Effects due to ring-currents. 
Diamagnetic susceptibilities for polymethylbenzenes 
have been derived from crystal measurements and are 
expected to be valid for liquid and gaseous states. Using 
a semi-empirical method the follow~ing values have been 
obtained by Dorfman. lOO 
TABLE 2Lr 
Diamagnetic Susceptibilities of the Polymethylb.~~ 
Benzene 
Toluene. 
o--Xylene 
m ... Xylene 
p-Xylene 
Mesitylene 
Durene 
Hexamethylbenzene 
65.00 
77.00 
89.00 
89.50 
90.00 
102.00 
114.00 
144.00 
Additivity 
89.00 
89,00 
89.00 
101.00 
113.00 
137.00 
10.15 
10~.90 
.22 
12.97 
13 0 09 
10.00 
12.20 
21.50 
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It can be seen that additivity for the diamagnetic 
term (Xd ) is obeyed very well except for hexamethylbenzene. 
This latter result was interpreted as due to an increase 
in ring current, and the great increase in the paramagnetic 
term (Xl') was also attributed to this cause. In the 
absence of results for other me~bers of the series the 
hexamethylbenzene result is hard to explain. Curiously, 
ortho-xylene gives the lowest value of the three xylenesQ 
As has already been observed, increasing ring current 
does not explain the N.M .. R .. results for hemimellitene 
isodurene, where only some methyl groups deviate from 
addi ti vi ty .. 
Shielding effects of the anisotropy of aromatic systems 
due to ring currents appear to be well understood 9 and can 
152 
be calculated with confidence. 10l The situation with 
respect to the anlsotropies of C-C and C-H bonds~ of a 
methyl group for instance, is less clear and several inter-
pretations have been made. 102 ,103 As in the present case the 
problem is often to separate charge densities (a), from 
anisotropies (c). 
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CONCLUSIOl1 
The rate-constants for detritiation at all the free 
ring positions of the polymethylbenzenes have been determined. 
The results are approximately correlated by the Addj. ';::.vi ty 
Principle, but reactivities of the more highly substi t'1.l"; 
members of the series are consistently over-estima, ,;ed. 
The importance of various' second order eff€;c,-c;s wi thin '. 
the framework of the Additivity Principle have been 
investigated, and it seems that steric interaction with the 
reaction site is not substantial. The largest deviations 
from additivity appear to occur when para substituents are 
present, but the general failure of the principle with 
increasing substitution obscures any particular interactions. 
To account for the falling off of the rate enhancement 
as reactivity increased it was assumed that the 
contribution of a substituent was proportional to the free 
energy of activation. For ortho and para substituents? 
satisfactory agreement with this prediction was found. 
For meta methyl 'groups a substantially greater rate of fall 
off was observed, which was interpreted as a consequence 
of the lack of resonance interaction with the reaction 
site. The effect of the meta methyl group must then be 
strongly dependent on the charges developed at the adjacent 
ortho and para positions, and so \rill be markedly reduced 
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when substituents in these positions are electron donating~ 
Assignment of a small part of the activation energy 
to describe interaction with the two meta positions allowed 
estimates of the sensitivity of the meta methyl groups to 
be made, and the results confirmed the expected order of 
effects: para>adjacent ortho>non"'adjacent ortho » other 
meta"..; O. 
Agreement .still lies outside experimental error 
(although least-squares refinement of the parameters has 
not been attempted), and it seems likely that other factors 
are also operating. 
The N.M.R. results appear to show no steric influence 
on the effect of changing from n-hexane to carbon tetra-
chloride as solvent. Both ring and methyl proton chemical 
shifts can be correlated by an additivity relationship only 
if proximity effects are allowed for. Thus the substantial 
effect of a neighbouring methyl group is reduced when a 
further methyl group is placed alongside the first. 
Considerable work on rotational barriers presently in 
progress has shown that two adjacent methyl groups have 
restricted rotational freedom, and three adjacent methyl 
groups exhibit complex rotational motions which have not 
yet been interpreted. 104 As rotational barriers are commonly 
of about 2 kcals/mole, it is apparent that any involvement 
o~ these complications in activation energies of the 
detritiation reactions could well cause sUbstantial 
deviations from additivity. 
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Similarly 9 rotational motions could well be important 
in the short-range shielding effects o~ the ortho methyl 
groups shown by the N.M.R. measurements. 
Examination o~ the Additivity Principle for a 
substituent o~ cylindrical symmetry could res61vethese 
possibilities~ 
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APPENDIX 
(i) Temperatu.re Dependence of the Rate of Detri ttation 
Graphs showing least-squares correlations between 
functions of the rate-constants of detritiation and functions 
of the absolute temperature at which the reactions were 
conducted are shown in the following pages. For each of 
the four tritiated compounds examined two plots are shown 
. * ~ one of which has slope ~H and the other ~S according to 
the absolute rate theory equation (page 82). 
of the analyses are shown in Table 4. 
The results 
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· (ii) Trivia.l Names of the Polymethylbenzenes 
The trivial names of the polymethylbenzenes are shown 
on the following page together with the numbering convention 
used in this thesis. 
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TRIVIAL NAMES OF THE POLY]~ETHYLBENZENES 
Methyl groups are represented by lines and aromatic 
IT-bonds not shown. Non-equ1valent ring hydrogen atoms are 
numbered. 
benzene toluene 
g ~ 
o-xylene m-xylene 
Cc q 
hem1mellitene pseudocumene 
prehnltene 
pentamethyl-
benzene 
isodurene 
hexamethyl-
benzene 
¢ 
p-xylene 
~ 
mesitylene 
durene 
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